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ABSTRACT

Adult hippocampal neurogenesis (AHN) plays a critical role in cognition and emotional regulation. Recent studies have linked compromised AHN to numerous
neurological and psychological disorders. The actions of the inflammatory cytokine interleukin-1 (IL-1) have been found to suppress AHN and antagonism of IL-1
signaling has been advocated as a therapeutic strategy for the treatment of neurodegenerative diseases and affective disorders. On the other hand, work from
Jim Krueger’s group revealed the physiological function of IL-1 in brain homeostasis, indicating the potential downside of IL-1 blockade. Current literature also
shows AHN participates in normal functions of the brain in parallel to IL-1. This mini-review analyzes how IL-1 might positively or negatively modulate AHN and the
implications of the relationship between IL-1 and AHN on health and disease. Specifically, we will highlight the parallels between IL-1 signaling and AHN in
physiological and disease states. We propose that IL-1 signaling modulates AHN in a context-dependent manner; whereas its elevated signaling impairs neurogenesis
and contributes to neurological and psychiatric disorders, its physiological role suggests potential therapeutic benefits of IL-1 antagonism must consider the pres-

ervation of the beneficial actions of IL-1.

1. Introduction

Adult hippocampal neurogenesis (AHN) is the process by which new
neurons are generated in the adult mammalian brain, within the sub-
granular zone (SGZ) of the dentate gyrus (DG) in the hippocampus
(Ming et al., 2005, 2011; Altman et al., 1965; Miller et al., 2013). This
process begins early in embryonic development, peaks before birth, and
continues into adulthood (Urban et al., 2014; Imayoshi et al., 2008;
Seménov, 2019). Surprisingly, although AHN only produces a tiny
fraction of neurons in the overall adult neuronal population and only
produces new mature neurons in the dentate gyrus of the hippocampus,
it plays a crucial role in learning (Nilsson et al., 1999; Yau et al., 2015),
memory (Park et al., 2023; Berdugo-Vega et al., 2020), and emotional
regulation (Kirby et al., 2012; Chan et al., 2017). While AHN persists
throughout life, its rate declines gradually with age (Kuhn et al., 1996),
resulting in low levels of AHN in old age. The functional significance of
the low-level neurogenesis in old age remains to be clarified, although
reduced AHN parallels cognitive decline during ageing, highlighting the
importance of maintaining healthy levels of AHN in sustaining cognitive
efficiency.

In young adulthood, neurogenesis supports cognitive functions like
spatial memory, cognitive flexibility, and emotional regulation
(Okamoto et al., 2021; Gulino et al., 2023; Snyder et al., 2005). Physical
activity, environmental enrichment, and stress are known as the major

factors influencing AHN. Exercise and environmental enrichment pro-
mote AHN (Vivar et al., 2013, 2023; Bekinschtein et al., 2011; Saheb
et al., 2023; Van Praag et al., 1999), while stress impairs it (Du Preez
etal., 2021; Snyder et al., 2011). In general, increased AHN is associated
with improved cognitive function and emotional regulation, whereas
decreased AHN is associated with the opposite effects. In old age and in
neurodegenerative diseases such as Alzheimer’s disease (AD), AHN is
significantly reduced (Lazarov et al., 2010; Jin et al., 2021). Remark-
ably, specific augmentation of AHN alone can rescue cognitive and af-
fective deficits in old animals and in mouse models of AD (Choi et al.,
2018), suggesting reduced AHN is a critical pathogenic mechanism of
aging- and neurodegeneration-induced behavioral deficits, and treat-
ment that increases AHN is a promising method to counter their detri-
mental effects.

A large body of literature has detailed 5 stages of AHN: 1) activation
of radial glia-like cells in the subgranular zone of the dentate gyrus, 2)
proliferation of intermediate progenitors, 3) generation of neuroblasts,
4) generation of immature neurons, and 5) maturation and integration
of newborn neurons into the dentate granule cell network. Each of these
stages may be positively or negatively regulated by both intrinsic
(intracellular regulatory system inside the AHN neurons) and extrinsic
(microenvironment that constitutes the neurogenic niche) mechanisms
(Ming et al., 2011; Toda et al., 2019). Understanding how these mech-
anisms can be manipulated will be foundational for the development of
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strategies to curtail the loss of AHN or to strengthen AHN.

The pro-inflammatory cytokine Interleukin-1 (IL-1) is a master
regulator of immune responses (Dinarello, 2009). The role of IL-1 in
regulating AHN has been investigated as a key neuroimmune modulator,
but no systematic analysis has been conducted. IL-1 exists in two forms.
Interleukin 1 alpha (IL-1a) is membrane-bound and triggers inflamma-
tory responses to tissue injury (Dinarello, 2018; Cavalli et al., 2021).
Interleukin 1 beta (IL-1p) is the secreted form. It has to be cleaved by
inflammasomes from the pro-IL-1p to become active and it is released in
response to injury, infectious agents, and cellular or systemic stress
(Lopez-Castejon et al., 2011). When IL-1 binds to its sole functional re-
ceptor (type 1 IL-1 receptor, IL-1R1) on the cell membrane, the
IL-1R1/1IL-1 complex recruits IL-1 receptor accessory protein (ILLRAcP)
and forms an IL-1R1/IL-1RAcP dimer. This dimer activates MyD88 and
the downstream IRAK/TRAF pathways that are involved in the immune
responses (Martin et al., 2002). Two conventional downstream path-
ways have been identified: 1) the NFkB pathway, which is involved in
the production of cytokines, chemokines, and adhesion molecules, is a
major amplifier of inflammatory responses; 2) the mitogen-activated
protein kinases (MAPKs) pathway, which is mediated by p38, JNK,
and ERK, is known to cause both the expression of pro-inflammatory
genes in the immune cells and the modulation of neuronal plasticity in
neurons (Weber et al., 2010). IL-1 signaling activates immune cells such
as macrophages and T cells, leading to the initiation of both innate and
adaptive immunity to sites of infection or injury (Basu et al., 2004).
Given its central role in inflammation, IL-1 has become a target for
therapeutic interventions. Inhibitors of IL-1, such as anakinra (IL-1 re-
ceptor antagonist, IL-1ra) and canakinumab (a monoclonal antibody
against IL-1p), are used to treat conditions like rheumatoid arthritis and
certain autoinflammatory syndromes (Gaggiano et al., 2021; Sanz-Ca-
banillas et al., 2023). These treatments have been used to reduce
inflammation and alleviate symptoms in conditions where IL-1 is over-
active. The consequences of these treatments in regard to AHN have only
been explored sporadically. Possible interfaces between IL-1 signaling
and AHN are diagrammed in Fig. 1.

2. IL-1 signaling affects AHN in disease states

The relationship between IL-1 signaling and neurogenesis was first
probed in in vitro studies in which cultured neural progenitor cells (NPC)
were treated with IL-1a or IL-1p. These studies were expertly reviewed
previously and both stimulatory and inhibitory effects of IL-1 on NPC
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proliferation and differentiation were found (Ryan et al., 2013; Green
etal., 2012). It should be noted that these studies were not able to verify
whether the cultured NPCs, often derived from primary culture of
neonatal animals, truly resemble those in adult hippocampus. Indeed,
our recent study using an IL-1R1 reporter mouse showed that immature
neurons in the adult SGZ do not express IL-1R1 until they become
mature neurons (Liu et al., 2019). Therefore, direct action of IL-1 on
NPCs in the AHN is not likely and therefore, this review will primarily
focus on the impact of IL-1 signaling on AHN in vivo.

The importance of IL-1 signaling on AHN can be derived from two
parallel tracks of investigations examining the impact of IL-1 and AHN
respectively in various disease states. IL-1 is produced mostly by
microglia and macrophages in the brain (Dinarello, 2011; Garlanda
et al., 2013). Occasionally, IL-1 was found to be produced by astrocytes
and endothelial cells (Becher et al., 2017; McAfoose et al., 2009) during
neural injury or infection. In the central nervous system, besides its
conventional roles in the immune responses (Dubé et al., 2005)
(Rothwell, 2003), IL-1 signaling is involved in pathological conditions
such as neurodegeneration (Shaftel et al., 2008), anxiety disorders and
major depression (Murray et al., 2013; DiSabato et al., 2021) as well as
stress-induced psychopathologies (Goshen et al., 2009). This is not
surprising because neuroinflammation is a common pathogenic mech-
anism for all of the above-mentioned -conditions. Specifically,
neuroinflammation-associated elevation of IL-1 signaling has been
detected in Alzheimer’s disease, Parkinson’s disease, traumatic brain
injury, cerebral ischemia, major depression, anxiety disorders, and PTSD
(Shaftel et al., 2008; Griffin et al., 1989; Sokolova et al., 2009; Schadlich
etal., 2022; Stojakovic et al., 2017). In parallel, AHN is also significantly
altered in these disease conditions (Amanollahi et al., 2023; Wang et al.,
2016; Li et al., 2020, 2022; Mahar et al., 2014; Fujikawa et al., 2024).
Whether IL-1 signaling contributes to the changes in AHN, which in turn
cause behavioral and neurological deficits appears to depend on specific
context.

3. TBI, AHN, and IL-1

Traumatic brain injury (TBI) is one condition where AHN is dis-
rupted. Brain injuries, especially those involving the hippocampus, can
lead to long-term cognitive and emotional regulation deficits, including
memory deficits, impaired learning, and mood disorders (Wang et al.,
2016, 2025). It is well documented that hippocampal tissue injury
causes local inflammation and increased IL-1 expression near the
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Fig. 1. Hypothetical diagram of interleukin 1 (IL-1) signaling on different cell types in the hippocampus influencing adult hippocampal neurogenesis (AHN) at
various stages of neural development. Although neural stem cells (NSCs) and immature neurons do not express IL-1 receptor type 1 (IL-1R1), IL-1 signaling can
impact the local microenvironment indirectly by acting on surrounding cells, including astrocytes and endothelial cells. These cells can release cytokines, chemo-
kines, or growth factors, which can then alter the hippocampal microenvironment in ways that either enhance or hinder the integration of new neurons. Created in
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dentate gyrus, the site of AHN. Numerous studies showed in TBI models
that AHN is significantly increased following TBI (Bielefeld et al., 2024;
Campbell et al., 2024) and the severity of injury correlates with the
amounts of increased in AHN (Redell et al., 2020). These findings,
however, do not imply that increased ANH is a cause of disease pro-
gression, because promoting neurogenesis in the aftermath of TBI was
shown to improve recovery and help restore some of the lost cognitive
functions (Zhang et al., 2022). Therefore, increased AHN after TBI could
represent a reparatory response of the brain that attempts to recover
from the loss of network function after the injury. This response, how-
ever, does not always result in normal AHN as increased dendritic
branching structures of the newborn neurons and their ectopic locali-
zation in the hilus region, in addition to the dentate granule cell layer,
was observed (McCloskey et al., 2006; Overstreet-Wadiche et al., 2006;
LaSarge et al., 2016). One of the negative consequences of the abnormal
AHN after TBI is the increased sensitivity to epileptogenesis (Webster
etal., 2017). Studies have revealed several potential mechanisms for TBI
induced increase in AHN: action of locally produced nerve growth fac-
tors such as fibroblast growth factor 2 (FGF2) and brain-derived neu-
rotrophic factor (BDNF), increased neuronal activity such as heightened
glutamatergic inputs, and endogenous neuronal loss. On balance,
post-TBI neurogenesis does not represent an excessive host response and
treatments for further enhancement of AHN appear to be beneficial.

TBI also inevitably causes an increased expression of IL-1. Injured
neurons, glial cells and endothelial cells release damage-associated
molecular patterns (DAMPs), a set of molecules also called alarmins.
DAMPs then directly or indirectly drive the expression of IL-1, primarily
from brain microglia or infiltrating leukocytes near the site of injury
(Martin, 2016). Downstream of IL-1 signaling, IL-1 drives the expression
of adhesion molecules and chemokines from cerebral blood vessels, in-
duces the production of reactive oxygen species (ROS), and contributes
to the breakdown of the blood brain barrier (BBB). Previous studies by
and large showed that blocking IL-1 signaling via IL-1 receptor antag-
onist, antibodies against IL-1f, or deletion of IL-1R1 provided neuro-
protection and facilitated cognitive recovery after TBI (Tehranian et al.,
2002; Helmy et al., 2014).

Whether TBI associated expression of IL-1 is pro- or anti-AHN is
unclear. In fact, no study has simultaneously examined AHN and IL-1
signaling in the same TBI model. The association between increased
neurogenesis and the expression of IL-1 would suggest that IL-1 could be
pro-neurogenic in TBI, but the fact that inhibition of IL-1signaling
facilitated cognitive recovery in TBI would suggest the contrary
because increased neurogenesis is associated with better cognitive out-
comes. Two caveats can be considered: 1) TBI generates a transient in-
crease of IL-1 which can quickly dissipate in days, but post-TBI AHN was
typically measured much later, therefore, the early expression of IL-1
could have produced an immediate anti-neurogenic effect, unassoci-
ated with the later post-TBI repair mechanisms that promoted AHN
when IL-1 expression is no longer increased in the brain; 2) post-TBI IL-1
expression did promote AHN, but anti-IL-1 treatments are likely to affect
much broader sets of IL-1-mediated neuroinflammatory events, e.g.,
reduction of ROS production, diminution of leukocyte infiltration and
prevention of BBB damage, such that these non-AHN related neuro-
protective effects of IL-1 antagonism outweighed its potential anti-AHN
effects. Nevertheless, future studies need to clarify whether IL-1 is pro-
or anti-AHN in TBI in order to refine the potential benefit of anti-IL-1
therapy.

4. Depression, AHN, and IL -1

Studies in the area of psychological depression presented a different
scenario. Classical theory on the pathogenesis of depression posited that
the lack of synaptic serotonin in the brain is a main cause of depression
(Nutt, 2008). Drugs that inhibit serotonin re-uptake (SSRI) to allow
more extracellular serotonin to be available have proven to be clinically
effective for the treatment of depression (Preskorn, 1997). Recent
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studies, however, have added additional dimensions to the under-
standing of the pathogenic mechanisms of depression. In both human
and animal model studies of depression, reduced AHN have been found
in depressed subjects. In fact, smaller hippocampal volumes, a potential
consequence of reduced AHN, have been associated with patients of
depression (Videbech et al., 2004; Barch et al., 2019). In addition,
depressed patients often exhibit cognitive deficits (Guo et al., 2024).
This makes sense because serotonergic (emotional) and hippocampal
(cognitive) circuits are known to reciprocally regulate each other and
dysfunctional cognitive control of emotion could be part of neural
mechanism for depression. In this vein, hippocampal regulated pre-
frontal cortex (PFC) shows reduced plasticity in animal models of
depression and serotonin stimulation of PFC can reduce depressive be-
haviors in animal models. Remarkably, treatment with antidepressants
has been found to promote AHN and specific pharmacological or genetic
enhancement of AHN was found to buffer stress induced depressive
behavior (Tunc-Ozcan et al., 2019; Rahmani et al., 2013; Hovorka et al.,
2022). Thus, AHN could be an exciting new target for the treatment of
depression.

Accumulated new evidence also suggests that neuroinflammation
and specifically brain IL-1 signaling could contribute to the development
of depression (Wu et al., 2023; Farooq et al., 2017). Many symptoms in
depression resemble sickness behaviors after infection such anhedonia,
fatigue, and reduced social interaction, all of which can be induced by
brain IL-1 signaling (DiSabato et al., 2021; Cady et al., 1989; Roerink
et al., 2017). In addition, in some animal models of depression, brain
IL-1pB expression was increased and treatments with IL-1ra, deletion of
IL-1R1, or inhibition of inflammasome activities, required for the pro-
duction of active IL-1B, have been shown to reduce depressive-like be-
haviors (Barrientos et al., 2003; Li et al., 2021, 2023; Koo et al., 2009;
Xia et al., 2023). These results suggest antagonism of IL-1 signaling is
similarly beneficial for the treatment of depression as augmentation of
AHN.

Is IL-1 signaling related to the reduced AHN seen in depression? Has
IL-1 antagonism that was effective in reducing depressive behaviors
resulted from augmented AHN? Very few studies examined depression,
AHN and IL-1 signaling together in vivo. Two studies, one in rats and
another in mice, showed acute or chronic stress causes decreases in
AHN, which were associated with anhedonia, one of the depressive-like
behaviors (Goshen et al., 2008). Both the reduced AHN and the anhe-
donia were blocked by IL-1R1 deletion or treatment with IL-1ra. The
authors concluded that IL-1 signaling is required for the anti-neurogenic
effects seen in depression. Certain caveats need to be considered. For
example, acute stress is known to induce the immunosuppressive glu-
cocorticoids that can inhibit proliferation of stem cells (Zhang et al.,
2023; Tartt et al., 2022) and the expression of IL-1, raising the possibility
that the anti-neurogenic effects in the stress-induced depression models
were not a consequence of IL-1, but glucocorticoid, signaling and that
brain IL-1 should be decreased, not increased, in these models. However,
the authors of these studies showed that stress, and surprisingly even
direct administration of glucocorticoids, induced brain IL-1f expression
and the glucocorticoid-induced anti-neurogenic effects required brain
IL-1 signaling. Indeed, other studies have shown that stress can para-
doxically trigger neuroinflammation by first activating the immuno-
suppressive hypothalamic-pituitary-adrenal (HPA) axis and then
activating the proinflammatory brain IL-1 expression, which causes
more cortisol release (Goshen et al., 2008), sustaining a perpetual
neuroinflammatory cycle. These studies did not measure glucocorticoids
and brain IL-1 at the same time, leaving the possibility that the increase
of brain IL-1 after stress exposure was due to a later rebound of the
system after stress-induced initial decrease of brain IL-1. It should be
noted stress-induced HPA activation show habituation over time, such
that repetition of the same stress stimulations causes diminished re-
sponses (McEwen, 1998; Roos et al., 2019). This could be why chronic
variable or unpredictable stress is required to generate animal models of
depression such that the elevated brain neuroinflammation might be
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maintained. Presumably chronically elevated brain IL-1 so ensued can
be anti-neurogenic and contributes behavioral depression.

5. PTSD, AHN, and IL-1

The link between AHN and the post-traumatic stress disorder (PTSD)
might be the most intuitive in terms of behavioral phenotype. PTSD
patients can be triggered by painful previous traumatic memory and
have difficulty discriminating truly dangerous cues from innocuous
background signals that happened to be present at the traumatic event
(Thakur et al., 2022). Dentate granule cells are known to play a critical
role in pattern separation (Bakker et al., 2008), which could be crucial
for the prevention or alleviation of PTSD symptoms by discriminating
sensory cues from previous sensory patterns associated with the trau-
matic events. An elegant recent study by Tuncdemir et al. showed that
newborn granule cells promote such pattern separation through the
formation of non-overlapping presentations of identical sensory cues at
different locations (Tuncdemir et al., 2023). Deletion of AHN resulted in
overgeneralization of anxiety. In addition, AHN was found to favor
contextual learning over procedural learning, thus allowing the chang-
ing external environment to place higher saliency than previously
established internal reference (Berdugo-Vega et al., 2020, 2021). Such
cognitive flexibility could mitigate PTSD. Studies have shown that in-
dividuals with PTSD indeed have lower levels of AHN (Yagi et al., 2022).
This reduction, through the above-mentioned mechanisms, may
contribute to the difficulty in processing and distinguishing past trauma
from present experiences, a hallmark of PTSD. Impaired AHN may also
make it harder for individuals to adapt to new emotional information,
leading to persistent symptoms of anxiety, hypervigilance, and flash-
backs. Ongoing research shows enhancing AHN could serve as a po-
tential treatment for PTSD, with strategies like exercise and stress
reduction showing promise in promoting neurogenesis and improving
emotional resilience (Chang et al., 2024; Sun et al., 2020, 2021; Ishi-
kawa et al., 2019).

In individuals with PTSD, IL-1 may contribute to the persistent
inflammation and altered brain function sometimes observed in this
disorder. Interestingly, although one human study in earthquake sur-
vivors showed IL-1f levels are correlated with PTSD severity (Wang
et al., 2019), other studies have not consistently found increased base-
line IL-1 level in PTSD (Kiiffer et al., 2019). PTSD can manifest after
traumatic events that occurred in distant past, sometimes even in
childhood, potentially allowing baseline IL-1 to recover from the impact
of the trauma from long ago. However, in both human and animal
models of PTSD, a more consistent finding is that IL-1 levels are exag-
gerated after a later hit of stress or infection, suggesting previous trau-
matic event may have caused epigenetic changes that reprogram the
system to exhibit heightened IL-1 expression upon later stress or im-
mune challenges (Uddin et al., 2010). The resultant hyper-inflammatory
activity is then correlated with dysregulated stress responses, impaired
recovery and the development of PTSD symptoms, such as hyperarousal,
intrusive thoughts, and avoidance behavior (Jones et al., 2018). The
causal relationship between IL-1 and PTSD was suggested by one
mechanistic study, which found that in the stress-enhanced fear learning
model of PTSD, IL-1 signaling is required for the increased fear response
which was reduced by IL-1ra or by morphine treatment that reduced
IL-1B expression in the hippocampus (Jones et al., 2018; Szczytkow-
ski-Thomson et al., 2013).

Whether IL-1 signaling mediates PTSD-related reduction in AHN is
unclear. Most studies only investigated the consequence of acute or
chronic stress on AHN immediately after the stress exposure to infer the
mechanisms for PTSD. It should be noted that PTSD could occur long
after the initial stressful event. In addition, not all acute stresses resulted
in reduced AHN, depending on the type of acute stress that was applied,
and AHN can recover days after the acute stress exposure (Aguayo et al.,
2018; Kirby et al., 2013). Chronic mild stress and unpredictable stress
have been shown to cause a reduction in AHN; but how long will this
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effect last is unclear. Typically, stress-induced anti-neurogenic effects
require glucocorticoids and immature neurons express very low levels of
glucocorticoid receptor (Saaltink et al., 2014). Therefore, glucocorticoid
might exert its anti-neurogenic effects indirectly. Two studies suggested
that IL-1 signaling, downstream of glucocorticoids, mediates stress
induced suppression of AHN (Goshen et al., 2008; Koo et al., 2008).
Because IL-1R1 is not expressed in NPCs and immature neurons of the
dentate gyrus, such effect may also be mediated indirectly via IL-1R1
expressed on the non-neuronal cells in the hippocampus.

It is possible combining AHN augmentation, e.g., stimulating BDNF
signaling, with IL-1 antagonism that reduces hyper-IL-1-signaling
induced suppression of AHN could be an effective therapeutic strategy
for the treatment of PTSD.

6. Alzheimer’s disease, AHN, and IL-1

Loss of AHN is implicated in neurodegenerative diseases, such as
Alzheimer’s disease (AD) (Sung et al., 2020; Vivar, 2015). Although
earlier studies from human pathology have emphasized the loss of
cortical cholinergic neurons in AD, the hippocampus, a key brain region
involved in memory formation, is also particularly affected in AD.
Hallmark symptoms of AD including memory loss and cognitive
impairment may arise specifically from neural circuit damages of the
hippocampus (Zhang et al., 2024). The accumulation of amyloid-beta
plaques and tau tangles—two hallmarks of Alzheimer’s patholo-
gy—has been shown to disrupt the environment necessary for the proper
functioning of neural stem cells and progenitor cells in the subgranular
zone (SGZ), hindering neurogenesis (Moreno-Jiménez et al., 2019;
Abbate, 2023). This disruption in AHN is now believed to exacerbate the
cognitive decline in AD. Several studies showed that promoting AHN can
help counteract neurodegenerative processes and improve cognitive
function (Choi et al., 2018; Singh et al., 2012; Mishra et al., 2022). In
fact, interventions aimed at boosting AHN (such as physical exercise or
certain pharmaceutical compounds) have been explored as potential
therapies to delay the onset of AD or mitigate its symptoms (Choi et al.,
2018; Singh et al., 2012; Mishra et al., 2022; Walgrave et al., 2021).

In AD, IL-1p is often elevated and contributes to the neuro-
inflammatory processes that were thought to accelerate amyloid plaque
accumulation and tau pathology (Shaftel et al., 2008; Griffin et al., 1989,
2006). Systemic immune challenge in AD subjects promotes neuronal
damage and cognitive decline via IL-1f-induced activation of microglia
and astrocytes (Lopez-Rodriguez et al., 2021). Blocking IL-1 signaling
has been shown to rescue cognition and attenuate Tau pathology in an
animal model of AD (Kitazawa et al., 2011), strongly suggesting that IL-1
contributes to the pathogenesis of AD. In accordance, animals with
IL-1ra deletion show exaggerated AD progression. Further, chronic IL-1
activation leads to sustained neuroinflammation, impairing neuro-
plasticity and contributing to cognitive decline (Griffin et al., 1989;
Dinarello et al., 1993). On the other hand, chronic overexpression of
IL-1f in animal models of AD resulted in the clearance of amyloid pla-
ques due to activation of microglia that are important for phagocytosing
misfolded proteins in the brain (Shaftel et al., 2007), demonstrating the
neuroprotective effects of IL-1 in AD. Thus, simply blocking IL-1
signaling may not be advisable for the treatment of AD because both
strong detrimental and beneficial effects have been demonstrated for
this cytokine in AD.

How does IL-1 signaling affect AHN in AD? A series of studies from
Yirmiya’s group addressed this issue with intra-hippocampal trans-
plantation of NPCs. Transplanting wild type NPCs increased AHN in a
mouse model of AD and transplanting NPCs with IL-1ra-expressing
transgene further elevated AHN, increased BDNF expression and
significantly improved cognitive function in the AD mice
(Ben-Menachem-Zidon et al., 2014). In addition, this procedure also
reduced local plaque burden. It is unclear why IL-1ra treatment reduced
plaque burden in this study, contrary to the observation that IL-1 pro-
motes microglia-mediated plaque clearance. Nonetheless, the authors
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suggested that antagonizing IL-1 signaling in the hippocampus pro-
moted AHN in AD. It should be noted that transplanting WT NPCs also
exerted similar, albeit smaller, effects. Therefore, synergistic effects of
AHN augmentation and hippocampal IL-1 antagonism, rather than
manipulating AHN and IL-1 signaling separately, appear to be more
beneficial in AD.

The seemingly contradictory effects of IL-1 signaling in AD could be
reconciled by the specific sites of IL-1 signaling. Our un-published
observation using an IL-1f reporter mouse we recently created show
physiological IL-1f is expressed in the choroid plexus whereas plaque
associated IL-1p expression in an AD model is expressed by microglia
surrounding the plaques. Whether physiological IL-1f acts on cells in the
choroid plexus to remove pathogenic Ap whereas plaque associated IL-
1P acts at the sites of plaque formation on nearby cells to exacerbate
plaque pathology remains to be determined.

Overall, disease related IL-1 expression in the hippocampus may be
associated with either an increase or a decrease of AHN, depending on
the context of specific disease models. The majority of the literature
suggest IL-1 antagonism is beneficial especially when overt neuro-
inflammation is present in the brain. However, under conditions where
IL-1 signaling promotes AHN as a physiological function or as a repair
mechanism, a deeper understanding of the role of IL-1 in modulating
AHN is required to avoid the potential side effects of IL-1 blockade.

7. Regulation of the physiological processes of AHN by IL-1

Does IL-1 regulate AHN under physiological conditions? This ques-
tion has been addressed only indirectly from several lines of research.
First, although many early studies failed to detect IL-1 expression in the
normal brain (Quan et al., 1996, 1998), minute amounts of biologically
active IL-1 have been detected with more sensitive assays (Quan et al.,
1999) and with more advance molecular methods such as single cell
sequencing (Dani et al., 2021). Although it is difficult to directly study
the effects of low levels of brain IL-1, overexpression of IL-1ra in the
normal brain to antagonize the endogenous low levels of IL-1 was found
to reduce AHN, suggesting physiological IL-1 promotes AHN (Spulber
et al., 2008). Second, IL-1 has been directly administered into the brain
to test its effects on AHN. One study suggests that at a high dose of IL-1,
NSCs take on a gliogenic fate, instead of a neurogenic fate (Wu et al.,
2012). This dose is most likely lower than the dose of IL-1 that ablates
AHN completely (Soung et al., 2022), probably representing a
hypra-physiological level of IL-1. There are no studies that directly show
IL-1 promotes AHN; however, at low levels, IL-1 exerts beneficial effects
on cognition and plays a role in learning and memory in the healthy
brain (Koo et al., 2008; Goshen et al., 2007; Schneider et al., 1998;
Yirmiya et al., 2002). Because AHN contributes to learning and memory
(Yau et al., 2015), these results again suggest that at low levels, IL-1
promotes AHN.

8. Studies from Krueger’s group revealed the role of homeostatic
IL-1 in physiological sleep

The third line of research that provided inference for the pro-
neurogenic effects of homeostatic IL-1 is a body of work from Krueg-
er’s group that revealed the role of IL-1 on circadian rhythms and sleep.
Brain IL-1 was found to regulate physiological sleep and its expression is
also regulated by circadian rhythms, such that higher cerebrospinal fluid
IL-1 levels were found during sleep (Krueger et al., 1998). In addition,
administration of physiological levels of IL-1 into the brain promoted
slow wake sleep (Opp et al., 1991). Furthermore, they demonstrated that
the neuronal specific IL-1 receptor accessory protein (IL-1RAcpb) is
required for homeostatic sleep (Davis et al., 2015). In parallel, AHN is
also regulated by circadian rhythm; AHN shows peak activity at certain
times of the day in mice, typically during the light phase (when animals
are inactive or sleeping) and decreases during the dark phase. Thus,
higher levels of brain IL-1 during sleep correlate with increased AHN
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during this circadian time. Both AHN and IL-1 have been implicated in
promoting normal cognitive functions. For example, the learning pro-
cess itself induces hippocampal IL-1 expression (Depino et al., 2004) and
AHN was found to be required for dentate-dependent pattern separation.
Taken together, these findings suggest physiological brain IL-1 promotes
AHN in a circadian rhythm-dependent manner, which is required for
optimal cognitive function.

9. Choroid plexus, astrocytic IL-1R1, and GABA, a potential
mechanism of AHN regulation by homeostatic IL-1

Although IL-1 is generally undetectable in the normal brain, recent
single cell sequencing analysis revealed that cells of the choroid plexus
express significant IL-1 in the normal brain. Our unpublished observa-
tion using a sensitive IL-1p reporter mouse also confirmed that IL-1p is
prominently expressed in the choroid plexus while brain parenchymal
IL-1p-expressing cells are absent. In addition, we reported previously
that ependymal cells of the choroid plexus express IL-1R1 (Liu et al.,
2019). Interestingly, choroid plexus is also a region that was identified
to regulate circadian rhythm (Quintela et al., 2013). A recent study
shows that the choroid plexus can modulate the circadian clock of the
suprachiasmatic nucleus (SCN) through the circulation of cerebrospinal
fluid (Myung et al., 2018). Disruptions in this circadian regulation can
alter hippocampal NSC activation from quiescence to re-entry to the cell
cycle (Gengatharan et al., 2021). Whether IL-1 signaling in the choroid
plexus promotes AHN remains to be determined. Although this is
currently hypothetical, it can be tested by conditional knockout of IL-1§
expressing cells in the choroid plexus.

Outside ependymal IL-1R1, our recent studies found IL-1R1 is
expressed in astrocytes, endothelial cells, and mature glutamatergic
granule cells in the hippocampus, but not in microglia and immature
neurons (Liu et al., 2019). Further, over-expressing of IL-1p in the hip-
pocampus via adenoviral expression of IL-1 in animals with restricted
IL-1R1 expression on brain endothelial cells resulted in activation of
microglial cells, leukocyte infiltration, and suppression of AHN, sug-
gesting endothelial IL-1R1, mediates neuroinflammatory, not the ho-
meostatic pro-neurogenic effects, of IL-1. These findings suggest IL-1 is
likely to influence physiological AHN via indirect actions via astrocytic
IL-1R1 or via glutamatergic IL-1R1.

A hypothetical mechanism for IL-1 to influence AHN is via
GABAergic signaling. The SGZ contains a pool of quiescent neural stem
cells (NSCs), known as type 1 radial glia-like cells, that have the po-
tential to enter the cell cycle and divide to produce more NSCs that can
mature into neurons over time (Reynolds et al., 1992). GABAergic
signaling plays a crucial role in the regulation of neural stem cells (NSCs)
and their re-entry into the cell cycle (Overstreet Wadiche et al., 2005;
Tozuka et al., 2005). GABA, through activation of GABA-A receptors,
modulates the activity of NSCs and their progenitors. Upon activation of
GABA-A receptors, GABAergic signaling induces a depolarizing effect
(due to chloride influx), which can activate Mitogen-Activated Protein
Kinase (MAPK) pathway, driving NSCs into the cell cycle via the
expression of cyclin and cyclin-dependent kinases (CDKs) (Dieni et al.,
2012; Pellarin et al., 2025). As the neuroblasts mature, GABAergic
signaling becomes inhibitory, stabilizing the NSCs and regulating their
differentiation. This ensures that NSCs maintain a balanced rate of
proliferation and differentiation. IL-1 was found in vitro to have a bidi-
rectional effect on GABAergic neurons, either enhancing or inhibiting
their activity. This dual regulation of GABA receptor function by IL-1
suggests that its role in modulating GABAergic signaling is complex
and context-dependent, potentially depending on factors such as the
specific brain region, neuronal activity, or the presence of other
signaling molecules (Yan et al., 2015; Bajo et al., 2015). It should be
noted that our recent mapping study show IL-1R1 is not expressed on
adult GABAergic neurons (Nemeth et al., 2024). Therefore, IL-1 is not
likely to activate AHN directly via GABAergic neurons in the hippo-
campus. Alternatively, IL-1 was found to act on astrocytes to trigger the
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release of GABA (Shim et al., 2019). This could be a fascinating mech-
anism by which IL-1 promotes physiological AHN. This hypothesis is
currently being tested in our lab.

10. Caution against IL-1 antagonism as a therapy

As mentioned above, blockade of IL-1 signaling has been proposed as
a therapy for several CNS disorders (Koo et al., 2009; Wang et al., 2011).
Considering the importance of the physiological role of brain IL-1, there
are certain risks to consider. IL-1 plays a vital role in the body’s immune
response and in maintaining brain homeostasis (Dinarello, 2009).
Complete inhibition of IL-1 signaling could impair the body’s ability to
respond to infections and tissue injury, potentially increasing suscepti-
bility to infections or hindering the brain’s natural repair processes after
injury. Additionally, chronic IL-1 blockade could disrupt the neural
functions of IL-1 in the brain, potentially leading to unintended conse-
quences, which may exacerbate neurodegenerative diseases. One study
has even shown that blockade of IL-1 signaling impairs spatial memory
in rats (Yirmiya et al., 2002). These risks highlight the need for more
targeted and refined approaches to modulate IL-1 signaling, such as
selective inhibition in specific IL-1 activated cell types or at particular
time points of a given disease, to preserve its beneficial effects while
minimizing harmful outcomes.

11. Conclusion

In conclusion, adult hippocampal neurogenesis (AHN) is a vital
process that underpins cognitive functions such as learning, memory,
and emotional regulation. While neurogenesis persists into adulthood,
its rate declines with age and can be disrupted in conditions like Alz-
heimer’s disease, depression, and traumatic brain injury. Understanding
the regulation of AHN is key to developing effective therapeutic stra-
tegies. In general, disease related IL-1 expression can have anti-
neurogenic effects and blocking IL-1 signaling could be a promising
therapeutic strategy. On the other hand, physiological IL-1 has pro-
neurogenic effects that may be mediated by specific cell-type IL-1R1.
Understanding the full spectrum of IL-1’s influence on AHN will aid the
rational design of IL-1 antagonism that avoids blocking the beneficial
pro-neurogenic effects of IL-1. These complex relationships between IL-1
and AHN is summarized in Table 1.

12. Future directions

The complex relationship between IL-1 signaling and adult hippo-
campal neurogenesis (AHN) presents several important avenues for
future research. Understanding how IL-1 can be modulated therapeuti-
cally without disrupting its necessary physiological roles is critical for
developing targeted treatments for neurological and psychiatric disor-
ders. One critical area of exploration is how cell-type-specific IL-1
signaling can be dissected in vivo. The conditional IL-1R1 deletion/
expression system offers a powerful method for selectively manipulating
IL-1 signaling in specific cell populations, such as neural progenitors,
astrocytes, or neurons. This can help clarify IL-1’s role in neurogenesis
and inflammation at a cellular level. Additionally, in vivo imaging
techniques such as two-photon imaging can be employed to track the
behavior of specific cell types in response to IL-1 signaling. By
combining these imaging approaches with fluorescent reporters specific
to IL-1 receptor activation, we can observe real-time IL-1 signaling dy-
namics in live cells. Another key future area of research involves the
timing of IL-1 modulation of AHN. The timing of IL-1 activation after
injury or disease may be crucial in determining whether its effects on
AHN are beneficial or detrimental. Temporal manipulation of IL-1
signaling through optogenetic or chemical-genetic tools can help to
investigate how IL-1 impacts neurogenesis at various stages of CNS
injury and recovery. Distinguishing between chronic vs. acute IL-1
signaling is another important area of investigation. Determining how

Table 1
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Parallels between IL-1 and AHN in various brain diseases.

Condition Positive effects of ~ Negative effects Effect of IL-1 on adult
1L-1 of IL-1 hippocampal
neurogenesis (AHN)
Traumatic - Initial - Destruction of Unclear
brain compensatory blood brain
injury and reparative barrier - No studies with IL-1
(TBID) responses to - Reactive levels and AHN
injury (Samatra oxygen species together
et al., 2018) - Overt - Prolonged IL-1
inflammation signaling via DAMP
(Tehranian activation possibly
et al., 2002; inhibits AHN (Martin,
Helmy et al., 2016)
2014)
Depression - At low levels, - Chronic Inhibitory
IL-1 signaling inflammation
improves impairs neural - Chronic IL-1
emotional resil- progenitor signaling, possibly
ience (Liu et al., development through glucocorti-
2024) (Jeon et al., coid activation can
2018) impair AHN, contrib-
- Cognitive and uting to cognitive
emotional deficits and
dysfunction emotional dysregula-
may contribute tion (Koo et al., 2008)
to mood
disorder and
hippocampal
atrophy
(Femenia et al.,
2012)
Post- - Low-dose IL-1 - Chronic Unclear
traumatic could induce inflammatory
stress initial immune state - No studies with IL-1
disorder response that - Contributes to levels and AHN
(PTSD) aids recovery impaired stress together

Alzheimer’s
disease
(AD)

from trauma
(Lilic et al.,
1990)

Modulates
immune
responses to
clear amyloid
plaques
(Shaftel et al.,
2007)

regulation and
memory
(Spivak et al.,
1997; Waheed
et al., 2018)

Chronic
inflammation
accelerating
neuronal
degeneration
(Adamu et al.,
2024)
Activation of
reactive
microglia and
astrocytes
leading to
neuronal
damage
(Liddelow

et al., 2017)
Impairment of
cognitive
function

Shaftel et al.
(2008)

IL-1 may impair
neurogenesis through
prolonged
inflammation and
contribute to long-
term emotional and
cognitive dysfunction
(Goshen et al., 2008;
Lee et al., 2022)

IL-1 can aid in trauma
recovery after the
initial stressful
trigger after the high
levels of IL-1 have
lowered (Lilic et al.,
1990)

Mostly Inhibitory

- IL-1 promotes
neuroinflammation,
which may hinder
AHN and exacerbate
cognitive decline
(Koo et al., 2008;
Ekdahl et al., 2003)
Understudied low-
level IL-1 signaling in
promoting AHN in
AD
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short-term versus long-term activation of IL-1 affects AHN and cognitive
outcomes could provide insights into therapeutic strategies. Temporal
control of IL-1 signaling could clarify whether short bursts of IL-1 might
promote beneficial plasticity, while chronic inflammation disrupts
neurogenesis and cognition. This distinction is vital for understanding
the role of IL-1 in both normal and pathological brain function.
Furthermore, there is a need to explore whether selective IL-1 receptor
blockade could restore AHN without disrupting the receptor’s protective
role in other cell types. While IL-1 antagonism has been proposed as a
therapeutic approach, selective targeting of IL-1 signaling in specific cell
types while preserving its beneficial effects in other contexts is crucial.
Developing small molecules or monoclonal antibodies that specifically
block harmful IL-1 signaling in certain cell populations could offer a
more nuanced therapeutic approach. Finally, understanding the long-
term effects of IL-1 modulation on cognitive function and behavior is
critical. Chronic modulation of IL-1 may influence brain homeostasis,
cognitive function, mood, and behavior. Long-term studies in animal
models of neurodegenerative or affective disorders will be important for
assessing how altering IL-1 signaling impacts mental health and brain
function over time. Behavioral assays in combination with assessments
of adult hippocampal neurogenesis will provide valuable insights into
the long-term consequences of IL-1 modulation. By addressing these key
questions, future research will deepen our understanding of the complex
role of IL-1 in adult hippocampal neurogenesis and its broader impli-
cations for health and disease. This will ultimately inform the devel-
opment of targeted therapeutic interventions for neurodegenerative
diseases, psychiatric disorders, and brain injuries.
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