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Abstract

Identifying secreted mediators driving the cognitive benefits of exercise holds great promise for 

the treatment of cognitive decline in aging or Alzheimer’s disease (AD). Here, we show that 

irisin, the cleaved and circulating form of the exercise-induced membrane protein FNDC5, is 

sufficient to confer the exercise benefits on cognitive function. Genetic deletion of FNDC5/irisin 

(global F5KO mice) impairs cognitive function in exercise, aging, and AD. Diminished pattern 

separation in F5KOs can be rescued by delivering irisin directly into the dentate gyrus, suggesting 

that irisin is the active moiety. In F5KO mice, adult-born neurons in the dentate gyrus are 

morphologically, transcriptionally, and functionally abnormal. Importantly, elevation of circulating 

irisin levels by peripheral delivery of irisin via adeno-associated viral overexpression in the liver, 

results in enrichment of central irisin and is sufficient to improve both the cognitive deficit and 

neuropathology in AD mouse models. Irisin is a crucial regulator of cognitive benefits of exercise 

and potential therapeutic for treating cognitive disorders including AD.
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INTRODUCTION

Preserving cognitive function is a major challenge in an increasingly aging population. 

Despite best efforts, traditional approaches to develop effective therapies have been largely 

unsuccessful. Interestingly, exercise, especially endurance exercise, is known to have 

beneficial effects on brain health and can improve cognitive function during aging1–3. 

Furthermore, higher physical activity levels are associated with reduced risk of Alzheimer’s 

disease (AD) and lesser cognitive decline in AD 4. These positive effects are in part due to 

enhanced adult hippocampal neurogenesis and synaptic plasticity in the dentate gyrus (DG) 

of the hippocampus as well as reduced neuroinflammation5–7. Identification of secreted 

factors that may mediate these neuroprotective effects of exercise represent very attractive 

drug targets.

FNDC5 (fibronectin-domain III containing 5) is a glycosylated type 1 membrane protein and 

has been identified as an important exercise regulated factor that induces major metabolic 

benefits8. Exercise also induces hippocampal Fndc5 expression in mice and FNDC5 can 

activate hippocampal neuroprotective genes9. FNDC5 is proteolytically cleaved and the 

N-terminal portion of this is released into the circulation; the secreted form of FNDC5 has 

been named irisin (Fig. 1a). Irisin contains 112 amino acids, is heavily glycosylated and 

is 100% conserved between mouse and human. The structure of irisin and its elevation 
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with endurance exercise in humans has been confirmed using tandem mass spectrometry of 

human plasma10. In bone and fat, irisin mediates its effects via αV integrin receptors11.

Although previous work has implicated the FNDC5-pathway in exercise benefits and in 

AD9,12, it remains unknown whether irisin itself, the cleaved, circulating part of FNDC5, 

rather than the full-length membrane-bound form, is the active moiety. From a translational 

point of view, having the neuroprotective effects conferred in a small natural hormone 

versus a membrane protein is significant. Here, we show that genetic deletion of FNDC5/

irisin impairs cognitive function in exercise, aging, and AD, in part by alterations of 

adult newborn neurons in the hippocampus. We further determine that irisin is the active 

moiety mediating the cognitive benefits. Most importantly, we demonstrate that peripheral 

application of irisin is sufficient to rescue the cognitive decline in mouse models of AD.

RESULTS AND DISCUSSION

Irisin deletion impairs cognitive function in exercise and aging

To investigate the physiological role of FNDC5/irisin in exercise, we generated Fndc5fl/fl-

targeted mice and crossed them with germline EIIa-cre mice to generate global Fndc5 
knock-out mice (F5KO). The flox targeting construct was designed to delete exon 3 and 

4, and thereby irisin portions of the Fndc5 gene) (Extended Data Fig. 1a). The mice were 

born in an approximate Mendelian ratio with no gross abnormalities and no significant 

difference in bodyweight (Extended Data Fig. 1b). QPCR verified loss-of-Fndc5 mRNA 

expression in all tissues examined (Extended Data Fig. 1c). We used several commercial 

ELISA/EIAs employed in the field to quantify plasma irisin field 12, but they measured 

the same “irisin” concentration in the plasma of F5KO and WT mice, indicating sensitivity 

or specificity issues (Extended Data Fig. 1d, e). To ensure no confounding (loco-)motor 

deficiencies, F5KO underwent rotarod, grip strength, treadmill gait analyses, and the open 

field test (OPF). We observed no significant differences between genotypes in young mice 

(Extended Data Fig. 1f–i).

Running exercise has been shown to improve spatial learning and memory, even in young 

mice5. Further, running, not an enriched environment, is the key factor for enhancing 

cognitive function and adult hippocampal neurogenesis13–15. To assess the role of FNDC5/

irisin in the exercise-induced improvements in spatial learning and memory, both WT and 

F5KO mice were exercised with voluntary free-wheel running and tested in the Morris water 

maze (MWM). Both WT and F5KO mice exercised the same amount (Extended Data Fig. 

1j), but F5KO mice failed to show the exercise-induced improvements in spatial learning 

and memory seen in WT mice. Running shortened latency in WT mice but not F5KO mice 

during the MWM reversal phase (Fig. 1b). Furthermore, WT-run had better spatial memory 

retention in the 24hr probe trial than their sedentary control group, but F5KO-run did not 

(Fig. 1c). There was no significant difference between the groups in the MWM acquisition 

phase (Extended Data Fig. 1k, l).

Since exercise has been shown to protect against cognitive decline in aging1,16, we next 

evaluated FNDC5/irisin as a crucial regulator of cognitive function in aging. Because 

F5KO mice showed a significantly reduced swim speed at 9-months-of-age, the novel 
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object recognition task (NOR) instead of the MWM was used to evaluate memory in 

aging (Extended Data Fig. 1m). The NOR relies on multiple brain regions, including 

the hippocampus. To ensure memory retention in aged WT, we used a multiday training 

paradigm. Young mice (8–10 weeks) showed no difference in their NOR performance; 

both genotypes preferred the novel object (Fig. 1d, Extended Data Fig. 1n). However, aged 

F5KO (21–24 months old) had more cognitive decline than aged WT, showing no preference 

towards the novel object (Fig. 1e, Extended Data Fig. 1o). No significant differences in 

bodyweight, OPF, or SAB were observed between genotypes in aged mice (Extended Data 

Fig. 1p–r).

Hippocampal synaptic plasticity, specifically long-term potentiation (LTP), is enhanced in 

the DG but not CA1 region by running, and is important for exercise’s learning and memory 

effects5. Although application of high-frequency stimulation (HFS) of the medial performant 

pathway (MPP) produced an identical degree of post-tetanic potentiation, F5KO mice were 

not able to sustain LTP as well as the WT mice. At 60 min post-HFS, LTP was reduced 

by 37% compared to WT (Fig. 1f–i). No significant differences in fEPSP evoked for Input/

Output curves and the paired pulse ratio indicate that basic synaptic transmission and 

presynaptic transmitter release are equivalent (Extended Data Fig. 1s, t). Taken together, 

these data demonstrate that genetic deletion of FNDC5/irisin impairs cognitive function in 

exercise and aging. In addition, the data point to a role for FNDC5/irisin in the DG. Of note, 

a deficit in the MWM, especially the reversal, is consistent with a defect in DG17,18.

Pattern separation in F5KO mice can be rescued by irisin

The DG plays an important role in pattern separation19,20. Pattern separation, the process of 

minimizing overlap between similar neural inputs, is enhanced by exercise and reduced early 

in aging and AD, in both mice and humans3,21–24. Behaviorally, pattern separation/context 

discrimination can be evaluated by certain assays, such as the contextual fear conditioning 

discrimination learning paradigm (CFC-DL)25,26, in which mice learn to distinguish two 

similar contexts A and B. The more similar context B is to context A, the more difficult 

the task. To address how FNDC5/irisin ablation affects pattern separation, we performed 

the CFC-DL in F5KO mice. On training days, mice were exposed to context A paired with 

a mild electric shock. On test days (days 2 and 6), freezing was measured as proxy for 

memory in both context A (without shock) and context B (Fig. 2a). To avoid presentation 

order becoming a confounder, half the mice in each group were presented first with context 

A and then with B, and the other half was presented first with context B, then A. To rule 

out a more anxious disposition as bias, we tested for anxiety- and depression-like behavior 

using the elevated plus maze and the tail suspension test, detecting no differences between 

genotypes (Extended Data Fig. 2a, b). While WT mice successfully discriminated between 

contexts as early as day 2, the F5KO only learned this task at day 6 (Fig. 2a). Interestingly, 

in a CFC paradigm with a more dissimilar context (context C), F5KO mice were able to 

distinguish between contexts comparably to the WT mice (Fig. 2b). This supports the notion 

that F5KOs suffer from a specific deficit in pattern separation.

To test whether irisin is sufficient to rescue the deficit in pattern separation in F5KO mice, 

we stereotaxically injected AAV8-irisin-FLAG directly into the DG (Fig. 2c; Extended Data 
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Fig. 2c). In both WT and FK5O mice, central application of irisin enhanced performance in 

the CFC-DL as measured by earlier context discrimination compared to the corresponding 

GFP-group (Fig. 2d, e). Interestingly, after stereotaxic surgery the WT-GFP mice performed 

worse in the CFC-DL than naïve WT mice, possibly as a result of the surgery. Of note, in 

all CFC-DL/CFC experiments, no significant differences were observed in baseline freezing 

between groups (Extended Data Fig. 2d–f). Taken together, these data suggest that irisin is 

the active moiety of FNDC5 that regulates pattern separation in the DG.

Adult-born neurons display aberrant activation in F5KO mice

Exercise is a well-known stimulator of neuronal activity in the DG27,28. To assess the 

function of mature granule cells and adult-born neurons in the DG, mice were exercised 

with free-wheel-running and injected with BrdU to label newborn neurons. Hippocampal 

sections were stained for c-Fos, an established marker of neuronal activity. We observed 

no significant difference in the number of cFos+/BrdU-/NeuN+ cells (representing mature 

granule cells in the DG) in dorsal hippocampal sections from F5KO compared to WT 

mice (Fig. 3a, b). Interestingly, we found significantly more cFos+/BrdU+/NeuN+ cells 

(representing adult-born neurons in the DG) in dorsal hippocampal sections from F5KO 

compared to WT mice (Fig. 3a, c). This was not caused by significant differences in running 

activity or total number BrdU+/NeuN+ cells in the DG between WT and F5KO mice 

(Fig. 3d–f). These results confirm that adult-born neurons in F5KO mice have an abnormal 

activation pattern, which could impair sparse encoding, the basis for pattern separation in the 

DG29,30. Based on this functional difference, we focused our subsequent investigations on 

adult-born neurons in the hippocampus.

Adult-born neurons develop abnormally in global F5KO mice

Adult-born neurons in the hippocampus play a vital role in pattern separation21,31. 

Adult hippocampal neurogenesis declines in aging and AD in mice and humans16,32–36. 

Conversely, improved adult hippocampal neurogenesis enhances learning and memory in 

exercise, aging, and AD5,6,25,37. To examine this in F5KO and WT mice, we assessed 

the number of newborn neurons using BrdU-labeling at baseline and did not find a 

significant difference between genotypes (Extended Data Fig. 3a, b). Next, we evaluated 

how running exercise changes newborn neuron numbers. In both WT and F5KO mice, 

running significantly elevated EdU+ cell numbers (Extended Data Fig. 3c, d).

Notably, exercise affects not only the number of newborn neurons but also their 

morphology and maturation. Running exercise increases dendritic length and complexity, 

raises the number of dendritic spines in the DG, and generally accelerates newborn 

neuron maturation38–40. To study newborn neuron connectivity, we stereotaxically injected a 

retroviral GFP-reporter (RV-CAG-GFP)41 into the DG to sparsely label newborn neurons 

and examined their morphology 28 days later (Fig. 4a). Sholl analysis for dendritic 

complexity and total dendritic length demonstrated that dendritic arbors grew with running 

exercise in WT mice, as expected, but not in F5KO mice (Fig. 4b–f). Furthermore, newborn 

neurons in the ventral DG from sedentary F5KO mice had significantly more complex 

dendritic trees than those from sedentary WT mice. Of note, soma size was not affected 

(Extended Fig. 3e). As part of their maturation, newborn neurons undergo a phase of 
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dendritic outgrowth followed by a pruning 42. Thus, the absence of FNDC5/irisin causes 

either overgrowth or defective pruning.

Next, dendritic spine density was analyzed in newborn neurons in the outer molecular layer 

of the DG. Dendritic spines represent excitatory synapses and during maturation of the 

newborn neurons, spines are formed and grow in size39. In the dorsal hippocampus, the 

spine density of newborn neurons was significantly less in F5KO compared to WT mice 

and this deficit persisted with exercise (Fig. 4g, h). In addition, dendritic spine heads in 

F5KO mice were smaller as measured by cumulation distribution and median size (Fig. 4i, 

j). In the ventral hippocampus, there was much less effect on dendritic spine density and 

no significant effect on spine head size (Extended Data Fig. 3f–h). A more prominent effect 

on dendritic spines in the dorsal than the ventral hippocampus aligns with the concept that 

the dorsal hippocampus is more involved in regulating cognitive function, while the ventral 

hippocampus governs affective behavior 43. The reduced spines could be in response to the 

altered dendritic arbor to balance input activity (or vice versa). However, certain molecules, 

such as adhesion-GPCR BAI1, regulate dendritic outgrowth and spine density via separate 

mechanisms 44. Interestingly, dendritic spine density and spine head size were not altered 

in mature granule cells in the DG from F5KO mice crossed with Thy1-GFP reporter mice, 

which label excitatory neurons in the forebrain, including mature granule cells in the DG 

(Extended Data Fig. 3i–l), supporting our hypothesis that FNDC5/irisin specifically affects 

newborn neuron development/maturation.

Transcriptome of adult-born neurons is altered in F5KO mice

Assessing the transcriptome of a rare cell population, such as adult-born neurons, is 

very challenging. Even single-cell sequencing approaches are limited for such rare 

cell populations45. Additionally, birth-dating strategies are required to target specific 

developmental stages in these dynamic cell populations. Here, we have developed a novel 

approach to ascertain the transcriptional program of newborn neurons by selectively labeling 

the nuclei of newborn neurons using a GFP-reporter retrovirus driven by a synapsin-

promotor (RV-SYN-GTRgp) 46, followed by FACS-sorting isolated nuclei for next-gen 

RNA-sequencing (RNA-seq). This approach yielded 200–500 immature neuron nuclei per 

mouse (Fig. 5a; Extended Data Fig. 4a, b).

To confirm that our approach preferentially enriched for neuronal nuclei, we performed gene 

ontology analysis using DAVID47,48 on the top 1500 expressed genes. “UP_TISSUE Brain” 

was the top hit (p=2.8E-84). Principal component analyses and hierarchical clustering 

revealed a largely abnormal transcriptional profile in newborn neurons from F5KO mice, 

regardless of exercise intervention (Fig. 5b). It is possible that the larger variability of 

nuclear RNA-seq, compared to cellular RNA-seq, left these studies underpowered to 

detect an exercise effect with this sample size. A total of 459 genes were differentially 

expressed between F5KO and WT newborn neurons (log2FC > │1.5│, p-value < 0.05) 

(Fig. 5c). Gene set enrichment analysis (GSEA) 49,50 identified important disease pathways 

dysregulated by loss-of-FNDC5/irisin in adult-born neurons, including “Alzheimer’s 

disease” as well as pathways consistent with disrupted neuronal development, e.g. 

“Neurotrophin signaling pathway” or “Dendrite development” (Fig. 5d). Of note, we have 
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performed bulk RNA-seq of microdissected DG from F5KO and WT mice. Although 

mature neurons contribute to ~50% of this tissue, only two genes, in addition to Fndc5, 

were differentially expressed between WT and F5KO (log2FC > │0.5│, p-value < 0.05) 

(Extended Data Fig. 4c). Taken together, these data demonstrate that lack of FNDC5/irisin 

alters adult-born neurons morphologically, transcriptionally, and functionally.

Peripheral irisin improves cognitive function in AD models

Hippocampal Fndc5 gene expression is significantly reduced at six months of age in 

the well-established transgenic AD mouse model APP/PS1 (APPswe,PSEN1dE9)51,52 

compared to WT littermates (Fig. 6a). APP/PS1 mice develop amyloid plaques, gliosis, and 

cognitive deficits starting at 6-months-of-age. Analysis of RNA-seq data from the MSSM 

study (Mount Sinai School of Medicine, and Mayo), comprising 2,114 samples from 1,234 

human subjects, showed significantly lower FNDC5 expression in the parahippocampal 

gyrus in patients with AD compared to controls, but not in other brain regions (Fig. 

6b) 53. Next, we crossed our F5KO mice with the APP/PS1 mice to evaluate how loss 

of FNDC5/irisin affects cognitive function in experimental AD. Notably, APP/PS1-F5KO 

performed worse than APP/PS1-WT in the CFC, failing to freeze significantly less in the 

alternate context compared to the training context (Fig. 6c), indicating a deficit in context 

discrimination. Interestingly, in the cortex, APP/PS1-F5KO showed significantly higher 

levels of soluble Aβ−40, which contributes to plaque formation and more dysfunctional 

vascular integrity 54,55, compared to APP/PS1-WT However, the hippocampus did not 

present such differences (Extended Data Fig. 5a, b). No significant differences between 

genotypes were observed in body weight, OPF and SAB, or baseline freezing in the CFC 

(Extended Data Fig. 5c–g).

To evaluate the therapeutic potential of peripherally delivered irisin, 8-month-old male 

APP/PS1 mice received AAV8-irisin-FLAG or AAV8-GFP via tail vein injections to 

overexpress irisin in the liver and increase circulating irisin to pharmacological levels 

(Fig. 6d, e; Extended Data Fig. 6a). Importantly, this resulted not in overexpression in 

the hippocampus (Extended Data Fig. 6b and 7b). At 10-months-of-age, irisin-treated mice 

performed significantly better in spatial learning and memory tasks, such as the Barnes maze 

or the MWM (Fig. 6f, g; Extended Data Fig. 6g–j). To avoid genotype bias and confirm 

the generalization of irisin’s effects, we also used transgenic AD mouse model, namely 

5×FAD mice 56, with AAV8-irisin in the same manner as the APP/PS1 mice. 5xFAD mice 

develop neurodegeneration in addition to amyloid plaques, gliosis, and cognitive deficits. 

In the 5xFAD mice, peripheral elevation of irisin levels resulted also in an improvement in 

spatial learning and memory in the MWM (Fig. 6h, i; Extended Data Fig. 7g–j). In line 

with our data from the global F5KO mice, irisin treatment of APP/PS1 mice improved 

context discrimination/pattern separation in the CFC-DL with similar contexts but did not 

change performance in a CFC assay with distinct context (Extended Data Fig. 6k,l and 7k, 

l). Similarly, we did not observe a difference with irisin treatment in the SAB (Extended 

Data Fig. 6f, 7f). Bodyweight and OPF performance were unaffected, indicating no obvious 

toxicity by forced irisin expression in the APP/PS1 or 5xFAD mice (Extended Data Fig. 

6c–e, 7c–e).
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Peripheral irisin reduces glia activation in AD models

Astrocyte and microglia reactivation has been reported to be involved in aging-related 

neurodegeneration57,58. Indeed, in the hippocampus of irisin-treated APP/PS1 mice, GFAP+ 

astrocytes and Iba1+ microglia were significantly smaller compared to GFP-treated mice 

(Fig. 7a, b), pointing towards reduced glial activation. Furthermore, GSEA of RNA-seq data 

from the hippocampus identified several pathways associated with neuroinflammation (Fig. 

7c). Of note, several of these pathways identified overlapped with the pathways identified 

in the newborn neurons from the F5KO mice. Lastly, overrepresentation analysis revealed 

that astrocyte- and microglia-specific genes were significantly more downregulated in irisin-

treated AD mice compared to controls than genes of all other cell types (Fig. 7d). Notably, 

no differences were detected in the number of BrdU+ cells and hippocampal or cortical 

Aβ-plaque burden (Extended Data Fig. 8c–h). We have also measured the synaptic plasticity 

gene described by Lourenco et al. as target genes of FNDC5 but did not observe any 

significant changes (Extended Data Fig. 8a).

We have recently identified αVβ5 integrins as a receptor for irisin in bone and fat 

cells11 and, interestingly, the “Focal adhesion” pathway was regulated in both our 

RNA-seq analyses (Fig. 5c and 7c). Two-color dSTORM (direct stochastic optical 

reconstruction microscopy with single molecule resolution) demonstrated cell-surface 

binding of recombinant irisin-FLAG in neuronally-differentiated primary adult hippocampal 

neural stem cells cultures, which express both, αVβ3 and αVβ5 integrins (Extended Data 

Fig. 9a). Clus-DoC analysis on the localization maps with nano-meter scale resolution 

revealed that only 0.4 % [0.1, 0.5] of irisin molecules were co-localized with αVβ3 integrins 

whereas significantly more irisin molecules, namely 16% [5, 23], were co-localized with 

αVβ5 integrins (Fig. 7e, f). Single-cell RNA-seq data from the murine DG59 showed that 

Itgav is expressed ubiquitously in neuronal and non-neuronal cells, whereas Itgb5 is mainly 

expressed on astrocytes and microglia (Extended Data Fig. 9b, c). Confocal microscopy 

confirmed that the αVβ5 integrin receptor complexes are mainly located on astrocytes, not 

neurons (Fig. 7g). Of note, these cultures do not contain microglia (Extended Data Fig. 

9d). Taken together, these results demonstrate that peripheral delivery of irisin is sufficient 

to rescue cognitive decline in two AD mouse models. Furthermore, the data indicate that 

the irisin effect could be mediated by irisin-regulated glia activation through αVβ5 integrin 

receptor complexes.

Peripherally delivered irisin crosses blood brain barrier

It is crucial to know whether the peripherally expressed irisin crosses the blood brain 

barrier (BBB) and has direct central effect in the brain or whether peripheral irisin induces 

other molecules which cross the BBB and elicit these central effects. To directly test if 

irisin crosses the BBB, WT mice were injected i.v. with AAV8-irisin or AAV8-GFP. Three 

weeks later, blood was collected. Then mice were perfused with 50 ml of PBS to remove 

all remaining blood, and various tissues were collected. We first confirmed that the viral 

expression of irisin mRNA was observed only within the liver but not within other peripheral 

organs. Most importantly, we did not detect any increased irisin mRNA expression within 

the brain, including the hippocampus (Fig. 8a, Extended Data Fig. 6b and 7b). Elevated 

irisin protein levels were observed in plasma and liver (Fig. 8b, c). Notably, we also detected 
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significantly elevated irisin protein levels within the brain but not in the quadriceps (Fig. 

8c). Since we did not observe increased irisin gene expression in the brain, we conclude that 

these increased irisin protein levels are the result of irisin crossing the BBB. Of note, this 

liver-derived circulating irisin-FLAG had the expected size of ~12kDa and is glycosylated as 

native irisin (Extended Data Fig. 10a).

To assess irisin’s effect on peripheral tissues, we performed qPCR on several peripheral 

organs (liver, quadriceps, inguinal white adipose tissue, interscapular brown adipose tissue) 

from AAV8-irisin and AAV8-GFP injected WT mice. However, we did not detect significant 

gene expression changes in these tissues with irisin treatment (Extended Data Fig. 10b–e). 

Taken together, these data strongly support our hypothesis that peripherally delivered irisin 

directly affects the brain.

Discussion

The identification of secreted mediators driving the cognitive benefits of exercise holds great 

promise for the development of treatments for the cognitive decline in neurodegeneration, 

such as Alzheimer’s disease (AD). This promise would be greatly enhanced if these secreted 

factors could be administered peripherally. Here, we evaluate whether irisin, the secreted 

part of the exercise hormone FNDC5, confers these beneficial effects on cognitive function. 

We demonstrate that genetic deletion of FNDC5/irisin impairs cognitive function in exercise, 

aging, and AD. Furthermore, we show that the cleaved, circulating part of the hormone, 

called irisin is the active moiety in that it can restore cognitive function. Most importantly, 

we show that peripheral application of irisin, which lead to elevated central levels of irisin, 

is sufficient to rescue the cognitive decline in two distinct mouse models of AD – even after 

the development of significant pathology.

We demonstrate unequivocally that irisin itself confers the cognitive benefits by employing 

an AAV8 vector that only forces expression of irisin but not the parent protein FNDC5. In 

a previous study, Lourenco et al. used peripheral delivery of full-length FNDC5-adenovirus 

to improve cognitive function in a transgenic AD mouse model; whether these effects were 

through irisin or the full length FNDC5 protein thus could not be determined12. Importantly, 

we also demonstrate here that peripherally delivered irisin crosses the blood brain barrier.

Astrocytes and microglia act as important contributors to cognitive decline in aging and AD-

related degeneration by increasing inflammation but also by impacting neurons directly, e.g. 

pruning of synapses57,58,60. Our data on reduced glia activation with irisin treatment in AD 

mouse models suggest that irisin may exert its effects through astrocytes and/or microglia. 

Finally, our two-color dSTORM data points towards the αVβ5 integrins as key binding 

partners on these cell surfaces; these integrin subunits had previously been described as the 

functioning receptor for irisin’s action on bone and fat cells11. However, more mechanistic 

studies are required to determine this.

Adult hippocampal neurogenesis has been shown to regulate cognitive function, mainly 

pattern separation, in exercise, aging, and AD5,6,16. Adult-born neurons from F5KO mice 

lack the exercise-induced increase in dendritic complexity, have lesser and smaller spines, 
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and an altered transcriptome and neuronal activation, which is consistent with a defect 

in maturation38–40,42. This abnormal adult hippocampal neurogenesis is accompanied by 

impaired pattern separation, which can be rescued by irisin delivery into the DG, strongly 

suggesting that dysregulated adult-born neurons are, at least in part, responsible for the 

defect in cognitive function caused by genetic ablation of FNDC5/irisin. Interestingly, it has 

also been shown that changing adult hippocampal neurogenesis can rewire existing circuits 

in the hippocampus37.

While our data shows that peripheral irisin application is sufficient to regulate cognitive 

function in AD, this does not answer whether muscle- or hippocampus-derived irisin is 

responsible for the cognitive benefits with exercise. To dissect the contribution of different 

tissues, tissue-specific KO mouse model will be needed in the future. Since FNDC5/irisin 

was deleted embryonically, it is possible there are development defects in the F5KO 

mice. However, our data strongly point to the use of irisin at pharmacological doses in 

treating cognitive decline at pharmacological levels. Of note, our AD transgenic models 

are based on mutations in genes causal for Familial Alzheimer’s disease (FAD). However, 

since irisin does not specifically target the formation or removal of amyloid plaques, but 

rather targets neuroinflammation directly, we are optimistic that irisin’s beneficial effects 

in neurodegeneration are generalizable beyond FAD. In addition, data shows that the irisin 

improved cognitive function, even in wild-type mice. The fact that irisin treatment was 

effective in AD mouse models even after the development of significant pathology is 

promising for translation into humans where therapy would typically start after patients 

are already symptomatic.

METHODS

Animal procedures and ethics statement.

All animal procedures were approved by the Institutional Animal Care and Use Committee 

of the Massachusetts General Hospital (MGH) and the Harvard Center for Comparative 

Medicine. C57BL/6J (000664, JAX) were used as wildtype mice We developed Fndc5fl/fl-

targeted (Exon 2 and 3) mice with the Texas A&M Institute for Genomic Medicine using 

homologous recombination. Global FNDC5 KO mice (F5KO) were generated by crossing 

Fndc5fl/fl with B6.FVB-Tg(EIIa-cre)C5379Lmgd/J mice (003724, JAX). APP/PS1 mice 

(34832, JAX) were crossed with a heterozygous F5KO to generate the APP/PS1-F5KO 

strain. All strains were on a C57BL6 background. 5xFAD mice were maintained on a mixed 

background at MGH (6SJL-Tg(APPSwFlLon,PSEN1*M146L*L286V)6799Vas/Mmjax). 

Thy1-GFP+/F5KO were generated by crossing the F5KO mice with the Thy1-GFP line M 

(007788, JAX). Mice were maintained in an SPF environment at MGH with 12-h light/12-h 

dark cycles (seven am-seven pm), at 20–22 0C temperature, and 30–70% humidity. Mice 

had free access to water and standard chow (Prolab® IsoPro® RMH 3000, Irradiated). Mice 

were group-housed, except for running experiments. For running experiments, mice were 

housed individually either with or without a running wheel.

Experiments were performed with sex- and age-matched littermates of the indicated 

genotypes. Six-week-old male F5KO mice were used for morphological experiments 

with RV-GFP, RNA-sequencing of GFP-labeled nuclei from newborn neurons, and 
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AAV8 injections into the DG. Seven-week-old male wildtype mice were used for BBB 

experiments. Eleven- to fourteen-week-old male wildtype mice were used for primary adult 

hippocampal stem cell culture. Six to eight-week-old male F5KO were used for running 

experiments with behavioral and tissue analysis. Eight to thirteen-week-old male and female 

F5KO mice were used for behavioral experiments and tissue analysis. Eight-week-old male 

F5KO mice were used for electrophysiological experiments. 21–23-month-old female mice 

were used for the aging cohort. Six-month-old male APP/PS1-F5KO mice were used for 

behavioral and tissue analysis. Seven-month-old male APP/PS1 and five months old male 

5xFAD mice were used for behavioral and tissue analysis.

Primary Adult Hippocampal Stem Cell Cultures

Primary neural stem/progenitor cells (NPCs) were isolated from the DG and differentiated 

into neurons as previously described 61,62. Neurospheres were disassociated with trypsin 

and plated in 6-well plates (3516, Corning Costar) coated with poly-L-ornithine (P-3655, 

Sigma.) and laminin (354232, BD Biosciences) at the density of 1 × 105 cells/well for all 

experiments.

Production of Adeno-associated Virus (AAV)

Mouse ORF 1–140 (containing the N-terminal signal peptide and irisin) plus 

a five amino acid linker plus C-terminal flag-tag was cloned into the 

pENN.AAV.CB7.CI.pm20d1flag.WPRE.rBG vector (Addgene plasmid # 132682) to replace 

pm20d1flag (pENN.AAV.CB7.CI.PM20D1-flag.WPRE.rBG was a gift from Jonathan Long 

(# 132682). The final plasmid was sequenced to confirm the correct insertion of Irisin 

ORF. AAV (serotype 8) was packaged at the UPenn Vector Core with a titer of 3.012E13 

G.C./ml, and the MGH Vector Core Facility, with 1.66E13 G.C./ml respectively. AAV8-

GFP (pENN.AAV.CB7.CI.eGFP.WPRE.rBG) was used as control, obtained from Addgene 

(#105542), and packaged at the UPenn Vector Core with titer 2.10E13 G.C./ml.

Stereotaxic Surgery

Mice were injected using stereotax surgery to deliver one μl of RV-CAG-GFP/RV-SYN-

GTRgp or AAV8-GFP or AAV8-irisin-FLAG (titer 1E13/ml) to the dentate gyrus as 

described previously 63. For details please refer to the supplementary method section.

Tail vein injections

Mice were injected under isoflurane anesthesia into the tail vein with AAV8-GFP or AAV8-

Irisin-FLAG (1E10 G.C./mouse) diluted in PBS to a final volume of 100 μl.

Running Exercise Paradigm

Mice were weighed and were placed individually in cages with stainless steel running 

wheels (Starr Life Sciences) (running) or without (sedentary controls). Running activity was 

tracked using a revolution counter that collected data every hour (VitalView Animal Activity 

v1.4, Starr Life Science). For running-induced c-Fos activation, the recording was set to 30 

mins intervals during the last 90 mins of running.
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Behavioral Assays

For behavioral evaluation, Open field test (OPF)64, Rotarod64, Grip strength65, Tail 

suspension test (TST)66, Elevated plus maze (EPM)67, Gait analysis64, Morris water 

maze (MWM)68,69, Contextual fear conditioning (CFC)67, Contextual fear conditioning-

discrimination learning (CFC-DL)25,26, Novel object recognition (NOR)70, Spontaneous 

alternation behavior (SAB)71, Barnes maze72 were performed as described previously with 

modification. For a detailed description, please refer to the supplementary method section.

Antibody list

All primary and secondary antibodies with source, dilutions, and validations are listed in 

supplementary data Tables 1 and 2, respectively.

BrdU and EdU labeling

Mice were injected daily intraperitoneally (i.p.) with BrdU (50 mg/kg, (Sigma, dissolved 

in 0.9% saline,) or EdU (50mg/kg, Abcam, dissolved in PBS). Solutions were filtered 

at 0.22 μm. EdU was dissolved in 1X PBS and filtered at 0.22 μm. At the end of the 

experiment, the mice were anesthetized with isoflurane and perfused transcardially. For a 

detailed description on time-course of the injection in each experiment, please refer to the 

supplementary method section.

Immunohistochemistry and microscopy

Immunofluorescence (IF) and immunohistochemistry (IHC) staining were done following 

the methods described previously 6. Briefly, PFA-fixed and cryoprotected brains were 

cryosectioned. Staining was performed on 35 μm coronal free-floating sections (one-in-six 

series) from embedded tissue. For IF antibodies for GFP, 3D6, FLAG, GFAP, IBA1, 

MAP2, aVb3 integrins, and aVb5 integrin were used. For anti-BrdU staining, sections 

were pretreated for antigen retrieval. BrdU IHC was completed using the ABC peroxidase 

complex (ABC Kit, Vector Laboratories) with DAB (Sigma). To label sections for EdU-

positive cells, we used the Click-iT EdU Cell Proliferation Kit (Invitrogen) as described 

previously 22. For a detailed description, please refer to the supplementary method section.

BrdU and EdU quantification

Counting of positive cells followed the principle for design-based stereology for AHN as 

outlined in 73 using a light microscope (TE360 Eclipse, Nikon), a fluorescence microscope 

(Axio Imager, A2, Zeiss), or a confocal microscope (LSM 780, Zeiss).

c-Fos detection and quantification

The dorsal DG was imaged in Z-stack mode using a confocal microscope (LSM 780, Zeiss) 

in 20X for three sections from matching bregmas. Images for each Z-stack were taken 2 

μm apart for a total Z-stack of 14–16 μm. Maximum projected images were created in 

ImageJ (v2.0.0-rc-69/1.53c), and used to quantify the BrdU+/c-Fos+/NeuN+ and BrdU-/c-

Fos+/NeuN+ cells in the granular cell layer (GCL) and subgranular zone (SGZ).
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Glial cell and amyloid plaque quantification

Quantitative analysis of glial cells and amyloid plaque in hippocampal sections and/or cortex 

was performed using a previously described protocol 74. For a detailed description, please 

refer to the supplementary method section.

Morphological analysis

Dendritic complexity and spine morphology were analyzed following the methods described 

previously37. For a detailed description, please refer to the supplementary method section.

Electrophysiological Analysis

Electrophysiological analysis was performed according to the protocol described previously 
75,76 with slight modifications. Detailed method can be found in the supplementary method 

section.

ELISA/EIA

Blood was collected via the posterior vena cava in heparin-coated tubes (365985, BD 

Microtainer) and then centrifuged. The plasma fraction was collected and stored at −80°C 

until analysis. Irisin EIA and ELISA (EK-67-16 and EK-067-29, Phoenix Pharmaceuticals) 

were performed according to the manufacturer’s instructions. For Meso Scale Discovery 

(MSD) ELISAs, hippocampal and cortical tissues were homogenized in RIPA buffer 

(Sigma) and centrifuged at 45,000 g for 30 min at 4°C. Supernatants were used to measure 

the soluble fraction of Aβ peptides 40 and 42 using the 96-well V-PLEX Plus Aβ peptide 

panel 1 (6E10) kit as outlined in the manufacturer’s protocol and was read on a Meso 

QuickPlex SQ 120.

For the irisin-FLAG ELISA, 96 well plates were coated with an anti-irisin capture antibody 

in PBS overnight at 4°C. The next day, plates were washed four times with 0.1% PBST 

and blocked with 1% BSA for one hr RT. After four washes with 0.1%, PBST, standards 

(0–200 ng/ml) and plasma samples were added to the plate and incubated for two hrs 

at RT. Plates were incubated with an Anti-FLAG detection antibody for two hrs in RT 

after washing 4X with 0.1% PBST. Next, the samples were incubated in HRP-linked 

secondary antibody for 30 min following 4X PBST wash. 3,3’,5,5’-Tetramethylbenzidine 

(TMB) chromogen (ab171522, Abcam) was used as detection systems, and finally, the 

absorbance was measured at 450nm after adding stop solution (ab171529, Abcam) using a 

plate reader (FLUOstar Omega, BMG Labtech). Irisin-FLAG concentration was quantified 

from the standard curve of recombinant irisin-FLAG (AG-40B-0136-C010, Adipogen)

Western blot for irisin-FLAG in plasma

Plasma samples (10μl) were depleted of albumin and IgG with Proteome purify 2 mouse 

serum protein Immunodepletion Resin (MIDR00204, R&D Systems). Samples (100 ug of 

protein) were subsequently precipitated with trichloroacetic acid (TCA, 0.2% deoxycholate 

sodium in 100% TCA) and incubated overnight at 4°C. After multiple methanol washes, 

briefly dried protein pellets were resuspended in 18μl H2O and deglycosylated with the 

Protein Deglycosylation Mix (P6044S, New England Biolabs) as per the manufacturer’s 
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denaturing protocol overnight. Deglycosylated plasma samples, after adding SDS-Sample 

buffer with 10 mm DTT (Sigma) were separated on precast 4–12% NuPAGE Bis-Tris 

gradient gels (NP0335BOX, Thermofisher Scientific) with MES buffer (NP0002, Novex). 

Gels were transferred to a PVDF membrane (88520, Thermo Scientific). Membranes were 

blocked with 5% bovine serum albumin (Sigma), probed overnight at 4°C with anti-FLAG, 

and incubated for two hrs at room temperature with horseradish peroxidase-conjugated 

secondary antibody, and chemiluminescence was detected with Supersignal West Pico Plus 

chemiluminescence substrate (34577, Thermo Scientific).

RNA Preparation and Expression Analysis

Total RNA was isolated from tissues or culture cells using TRIzol (Invitrogen) and the 

QIAGEN RNeasy mini or QIAGEN RNeasy micro kits, respectively, according to the 

manufacturer’s instructions. For qPCR analysis, the first-strand cDNA was generated using a 

High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (4374967, Thermo 

Fisher Scientific). qPCR was performed using Power SYBR Green PCR Master Mix 

(4367660, Thermo Fisher Scientific) in a QuantStudio5 Real-Time PCR system (Applied 

Biosystems). mRNA quantities were normalized to Rps18 after determination by the 

comparative Ct method 77. Primer sequences are shown in supplementary Data Table 3.

Isolation, sorting, and RNA-sequencing newborn neuron nuclei

Here, we have developed a novel approach to ascertain the transcriptional program of 

newborn neurons by selectively labeling the nuclei of newborn neurons using a GFP-reporter 

retrovirus driven by a synapsin-promotor (RV-SYN-GTRgp) followed by FACS-sorting 

isolated nuclei for next-gen RNA-sequencing. A detailed method can be found in the 

supplementary method section.

RNA-sequencing of tissues other than newborn neurons

Bulk RNA-sequencing was performed using the hippocampal tissues from APP/PS1 mice 

injected with AAV8-irisin-FLAG or AAV8-GFP. RNA extraction, library preparations, and 

sequencing reactions were conducted at GENEWIZ, LLC. (South Plainfield, NJ, USA). 

Bulk RNA-sequencing was performed on microdissected DGs from F5KO and WT mice. 

Library preparations, and sequencing reactions were conducted by the Dana-Farber Cancer 

Institute Molecular Biology Core Facilities. For a detailed description, please refer to the 

supplementary method section.

Differential Expression analysis

Per-sample transcript-level were quantified and gene-level counts are filtered. DESeq2 

(v1.10.1, R/Bioconductor package) was used for normalization and to determine 

differentially expressed genes. For the detailed method, please refer to the supplementary 

method section.

Pathway / Gene-set Enrichment Analysis

Differentially expressed genes were interrogated for gene-set / ontology/pathway 

enrichments using the R packages DOSE (v3.9.4, Bioconductor), clusterProfiler (v3.12.0, 
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Bioconductor), and Pathview (v3.9, Bioconductor). Enrichments are computed for Gene 

Ontology (GO) terms and KEGG pathways against the background set of detected genes and 

filtered to retain significant enrichments using BH-corrected p-Values < 0.05.

Overrepresentation analysis

Genes were categorized as either ‘astrocyte’- or ‘microglia’- markers based on their 

classification in the Dropviz single-cell sequencing database in the mouse hippocampus 

(http://dropviz.org)45. All remaining genes (that are not markers of these cell types) were 

classified as ‘none’. Irisin/GFP expression ratios for all genes were plotted according to 

these cell-type labels and two-tailed t-tests were used to compare the distributions of 

astrocyte and microglia Irisin/GFP ratios to the ‘none’ control, respectively.

RNA-sequencing data analysis from the MSSM study

FNDC5 differential expression data for human AD vs Control subjects were obtained 

from the MSSM RNA-sequencing study (Mount Sinai School of Medicine, and Mayo; 

MSSM_FP_STG_PHG_IFG_DiffExpression.tsv) 53. Log2-fold change and FDR adjusted 

p-values were plotted for each of the four brain regions profiled in this study.

Direct stochastic optical reconstruction microscopy (dSTORM)

Primary neural stem/progenitor cells (NPCs) were seeded on eight-well chamber slides 

(Ibidi) coated with poly-L-ornithine (P-3655, Sigma) and laminin (354232, BD Biosciences) 

and differentiated as described above. On day seven of differentiation, the medium was 

changed to FreeStyle293 Expression medium (Gibco). After a four-hour incubation followed 

by ten minutes on ice, the cells were incubated with 10nM recombinant irisin-FLAG 

(Adipogen) for 20 minutes. After two washes with ice-cold PBS, cross-linking was 

performed with 1.5mM DTSSP for 30 minutes at 4 degrees. Then Tris-pH 7.5 was added 

to a final concentration of 20mM to quench cross-linking. Two-color dSTORM experiments 

were performed using anti-integrin aVb3 anti-integrin aVb5, and anti-FLAG-tag following 

the method described previously 78.

Quantification of blood-brain barrier permeability of irisin

Mice were injected with AAV8-GFP or AAV8-irisin-FLAG in the tail vein (10e10/mouse). 

Twenty-one days later, under isoflurane anesthesia, plasma was collected from the vena 

cava caudalis, and mice were perfused with 50 ml cold PBS. Tissues were collected and 

snap-frozen in liquid nitrogen. “Irisin” gene expression using qPCR was performed as 

described above. Levels of irisin-FLAG protein in plasma and tissue lysates were measured 

using the irisin-FLAG sandwich ELISA described above.

Data Availability Statement

RNA-seq datasets are available at the Gene Expression Omnibus (GEO) repository under 

accession super serial number GSE174212, which contains GSE174210, GSE174211, 

and GSE179078 datasets. Markers for astrocytes and microglia are available from http://

dropviz.org. Data from the MSSM study is available from www.synapse.org. The single-cell 
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data is available from http://linnarssonlab.org/dentate. Any other relevant data are supplied 

in the Source files.

Code Availability Statement

The code for the RNA-sequencing data analysis from the MSSM study is available in the 

Supplementary Information.

Statistical analyses.

Statistical analysis was performed using GraphPad Prism 9.1 (216). Significance was 

assigned to differences with a p-value less than 0.05 unless stated otherwise. Data are 

expressed as mean ± s.e.m. unless stated otherwise. Two-tailed Student’s t-tests were 

used to compare two groups with a Welch’s correction if variances were significantly 

different between groups. For comparisons among multiple groups, one-way, two-way, or 

repeated-measures ANOVA followed by the indicated post-hoc test was used. Multiple 

t-tests were performed with Bonferroni-Dunn method correction for adjusted p-values. To be 

able to perform repeated-measures ANOVA missing values were substituted using a mean 

substitution. Spine head diameter distribution was assessed using the Kolmogorov-Smirnov 

test when comparing two groups or the Kruskal-Wallis test when comparing more than two 

groups and significance was assigned to differences with a p-value less than 0.001. For 

behavioral analysis, experiments were either performed as one cohort (Fig. 1d–e, ED Fig. 

1n–r, Fig. 2a–b, ED Fig. 2c–d, Fig. 6f, ED Fig. 6g, Fig. 6g, ED Fig. 6h–m, Fig. 6i, ED Fig. 

7g–j) or in separate smaller cohorts (Fig. 1b, c, ED Fig. 1k, l, Fig. 2d, ED Fig. 2f, Fig. 6c, 

ED Fig.5d–g, ED Fig. 6c–f, Fig. 7d–f, k–l) and the statistical analysis was performed on 

the complete data set. Samples size was based on previously published studies using similar 

methodologies. Outliers were identified using the Grubbs’ test with a significance level of 

p<0.05 (two-sided). For behavioral tests, exclusion criteria were pre-established following 

published guidance 71,79,80. In the SAB, mice with less than 8 arm entries during the 5-min 

trial were excluded from the analysis as significantly lower exploratory activity biases the 

analysis. In the CFC, mice that did not freeze after receiving the shocks on day 1 were 

excluded from that analysis as we cannot use freezing as a proxy for learning or memory. 

In the NOR, mice that spend less than 10 sec interacting with the objects were excluded 

since low exploratory activity biases the analysis. For all experiments, all stated replicates 

are biological replicates. Operators were blinded to the true experimental groups during data 

collection and image analysis by de-identifying all samples with generic unique IDs.
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Extended Data

Extended Data Fig. 1: Irisin deletion impairs cognitive function in exercise and aging.
a, Schematic of flox targeting-construct for the Fndc5 locus. b, Bodyweights (WT-sed n = 9; 

WT-run n = 12; F5KO-sed n = 12; F5KO-run, n = 14). c, qPCR of Fndc5 mRNA expression 

(n.d.: no detection) (n = 3 per group). d and e, Plasma irisin with commercial ELISA (n 

= 4 per group) (d) or EIA (n = 2 per group) (e). f, Rotarod, g, Grip strength, h, Gait scan 

analysis: average propulsion (left) and swing time (right). FR = front right limb, FL = front 

left, RR = rear right, RL = rear left (WT n = 6, F5KO n = 10), i, Open field test (OPF) 
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(WT-sed n = 5; WT-run n = 6; F5KO-sed n = 6; F5KO-run n = 6), and j, Running activity 

and k and l, Morris-water-maze (MWM): latency to reach target platform (k) and 24h probe 

trial in acquisition (l). NE (red bar) was the target quadrant (WT-sed n = 9; WT-run, n = 

12; F5KO-sed n = 12; F5KO-run, n = 14). m, Swim speed, 9-months-old mice (WT, n = 10, 

F5KO, n = 10). n and o, Novel object recognition (NOR) task in young (n) (WT n = 12, 

F5KO, n =14) and aged mice (o) (WT n = 5, F5KO, n =7). p and q, Bodyweights (p) and 

Open field test (OPF) (q) for aged mice (WT n = 8, F5KO, n = 7). r, Spontaneous alternation 

behavior (SAB) in aged mice (WT, n = 7, F5KO, n = 7). s and t, Electrophysiology in 

DG using acute slices, paired pulse ratio (s) and EPSP input-output curve (t) (WT n = 

14, F5KO n = 15 slices, 7 animals per group,). RM-Two-way ANOVA (k, t), Two-way 

ANOVA (b, h, i), One-way ANOVA. Significance was assigned only if time spent in the 

target quadrant was significantly different from all other quadrants (l), Two-tailed t-test (d-g, 

j, m-s). ***p<0.001, ****p<0.0001 n.s.= not significant. Data represented as mean ± SEM 

of biologically independent samples. See source data for exact p-values.
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Extended Data Fig. 2: Pattern separation is impaired in F5KO mice and can be rescued by 
delivering irisin directly into the dentate gyrus.
a, Elevated plus maze. b, Tail suspension test. c and d, Baseline freezing in CFC-DL (c) 

and in CFC (d) of WT and F5KO mice. e and f, WT and F5KO stereotaxically injected 

with AAV8-GFP or AAV8-irisin-FLAG into the DG. Representative immunofluorescence 

images, GFP (green), irisin-FLAG (red), NeuN (magenta) in the hippocampus. Scale bar 200 

μm (e) and baseline freezing in the CFC-DL (f) (WT n = 10, F5KO n = 12 (a, b, d); n = 

9 per group (c); WT-GFP n = 10, WT-irisin n = 10, F5KO-GFP n = 9, F5KO-irisin n= 10 

(f)). RM-Two-way ANOVA (b), One-Way ANOVA (f), Two-tailed t-test (a, c, d). n.s.= not 

significant. Data are represented as mean ± SEM of biologically independent samples.
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Extended Data Fig. 3: Adult-born neurons in the hippocampus are altered in global F5KO mice.
a and b, Quantification (a) and representative immunohistochemistry images (b) of BrdU+ 

adult-borm hippocampal neurons in WT and F5KO mice (n = 6 per group). Scale bar 100 

μm. c and d, Quantification (c) and representative immunofluorescence images (d) of EdU+ 

adult-born hippocampal neurons in WT and F5KO mice with or without running exercise 

(WT-sed n = 8, WT-run n = 10, F5KO n = 8, F5KO-run n = 13). Scale bar 100 μm. e, 
Soma size of adult-born hippocampal neurons (WT-sed n= 60, WT-run n = 60, F5KO-sed 

n = 65, F5KO-run n = 64 neurons). f-h, Dendritic spine analysis of newborn neurons in 

the ventral hippocampus. Dendritic spines density (f), cumulative distribution of spine head 

width (g), and median spine head width (h) (WT-sed n = 7, WT-run n = 6, F5KO-sed n = 7, 

F5KO-run n = 6 (f); WT-sed n = 1239, WT-run n = 1056, F5KO-sed n = 1089, F5KO-run n 

= 1047 spines (g); WT-sed n = 7, WT-run n = 6, F5KO-sed n = 6, F5KO-run n = 6 (h)). i-l, 
Dendritic spine analysis in mature granule cells in the dentate gyrus of Thy1-GFP/WT and 

Thy1-GFP/F5KO. Representative confocal images of dendritic spines stained with anti-GFP 

(green). Scale bar 5 μm (i), dendritic spines density (j), cumulative distribution of spine head 

width (k), and median spine head width (l) (n= 5 per group (j, l); WT n = 921, F5KO n 

= 948 spines (k)). Two-way ANOVA (c, e, f, h), Kruskal-Wallis ANOVA (g), Kolmogorov-

Smirnov test (k), Two-tailed t-test (a, j, l). *p<0.05, ****p<0.0001, n.s.= not significant. 

Data are represented as mean ± SEM of biologically independent samples, except for violin 
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plots with center line = median, dotted line = upper and lower quartile (e). See source data 

for exact p-values.

Extended Data Fig. 4: The transcriptome of adult-born neurons in the hippocampus is altered in 
global F5KO mice.
a and b, Representative FACS density plots of single nuclei isolated from the hippocampus 

of a non-injected WT control mouse (a) and a RV-Syn-GTRgp-GFP injected mouse (b). 

Nuclei were stained with Vybrant DyeCycle stain to label intact nuclei. c, Volcano plot of 

DESeq2 analysis of bulk RNA-sequencing of microdissected dentate gyrus from F5KO and 

WT mice (n= 5 per group).
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Extended Data Fig. 5: Genetic deletion of irisin impairs cognitive function in transgenic mouse 
models of AD.
a and b, MSD ELISA for Aβ−40 and Aβ−42 peptides in soluble fraction of hippocampus 

(a) and cortex (b) (APP/PS1-WT n = 2, APP/PS1-F5KO n = 3). c, Body weights at 6 months 

old. d and e, Open field test (OPF). f, Spontaneous Alternation Behavior (SAB). g, Baseline 

freezing in CFC. (n =10 per group (c, f, g); n= 7 per group (d, e)). RM-Two-way ANOVA 

(d, e), Two-way ANOVA (a, b), Two-tailed t-test (c, f, g). **p<0.01, n.s.= not significant. 

Data are represented as mean ± SEM of biologically independent samples. See source data 

for exact p-values.
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Extended Data Fig. 6: Peripheral irisin improves cognitive function in APP/PS1 transgenic 
mouse models of AD.
APP/PS1 mice were injected with AAV8-GFP or AAV8-irisin-FLAG via the tail vein. a, 

Liver (GFP n = 14, irisin n = 11) b, Hippocampus Fndc5 mRNA expression (GFP n = 5, 

irisin n = 5), c, Bodyweights at the beginning and end of the experiment, d and e, OPF test, 

f, SAB (GFP n = 15, irisin n = 11). g, Barnes Maze, escape latency to hole (GFP n = 9, 

irisin n = 5), h-j, Morris-water-maze (MWM) latency to reach the target platform (h) and 

24h probe trial in in acquisition (i). SW quadrant (blue bar) was the target quadrant. Latency 

to reach the target platform in reversal (j) (GFP n = 6, irisin n = 6). k and l, Baseline 

freezing (k) and freezing in CFC (l), m, CFC-DL (n = 6 per group). RM-Two-way ANOVA 

(c, d, e, g left, h, j, l, m), One-way ANOVA followed by Fisher’s LSD. Significance was 

assigned only if time spent in the target quadrant was significantly different from all other 

quadrants (i), Two-tailed t-test (b, f, g right, k), Two-tailed t-test with Welch’s correction 
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(a). *p<0.05, **p<0.01, n.s.= not significant. Data are represented as mean ± SEM of 

biologically independent samples. See source data for exact p-values.

Extended Data Fig. 7: Peripheral irisin improves cognitive function in 5xFAD transgenic mouse 
models of AD.
5xFAD mice were injected with AAV8-GFP or AAV8-irisin-FLAG via the tail vein. a, Liver 

b, Hippocampus Fndc5 mRNA expression (n=3 per group). c, Bodyweights at the beginning 

and end of the experiment, d and e, OPF test, f, SAB. g-j, Morris-water-maze (MWM) 

latency to reach the target platform in acquisition (g) and 24h probe trial in MWM in 

acquisition (h). NE quadrant (green bar) was the target quadrant. Latency to reach the target 

platform in reversal (i) and 24h probe trial in MWM reversal (j). SW quadrant (green bar) 

was the target quadrant. k and l, CFC, baseline freezing (k) and freezing in CFC (l) (GFP 

n = 11, irisin n = 10 (c-f, k, l); GFP n = 8, irisin n = 7 (g-j)). RM-Two-way ANOVA (c, d, 
e, g, i, l), One-way ANOVA followed by Fisher’s LSD. Significance was assigned only if 

time spent in the target quadrant was significantly different from all other quadrants (h, j), 
Two-tailed t-test (a, b, f, k). *p<0.05, **p<0.01, ****p<0.0001, n.s.= not significant, data 

are represented as mean ± SEM of biologically independent samples. See source data for 

exact p-values.
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Extended Data Fig. 8: Peripheral irisin reduces glia activation in transgenic mouse models of 
AD.
APP/PS1 mice were injected with AAV8-GFP or AAV8-irisin-FLAG via the tail vein. a, 
Expression of synaptic plasticity genes in hippocampus derived from normalized read counts 

of RNA-seq analysis (GFP n = 5, irisin n = 5), b, MSD ELISA for Abeta40 peptide in cortex 

soluble fraction, c, MSD ELISA Abeta42 peptide in cortex soluble fraction (GFP n = 9, 

irisin n = 5). d and e, Representative immunofluorescence confocal images of hippocampus, 

GFAP (green), Iba-1 (red), 3D6 (Alexa 647). Scale bar 200 μm (d) and quantification of 

plaque burden in hippocampus (e) (GFP n = 7, irisin n =5). f, Quantification of plaque 

burden cortex (GFP n = 5, irisin n = 3). g, Quantification of total BrdU+ cells (GFP n = 7, 

irisin n = 5). Two-way ANOVA (a), Two-tailed t-test (b, c, e-g). n.s.= not significant, data 

are represented as mean ± SEM of biologically independent samples.
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Extended Data Fig. 9: Irisin binds αV/β5 integrin receptor on astrocytes in adult hippocampal 
neural stem cells cultures.
a, Two-color dSTORM images of integrin αV/β3 (left) and αV/β5 (right) (green) and irisin-

FLAG (red) molecules. Scale bar 5 μm (irisin-FLAG-αV/β3 n = 7, irisin-FLAG-αV/β5 n = 

10), b and c, Itgav gene expression (b) and Itgb5 gene expression (c) in the murine dentate 

gyrus from Linnarsson lab database (https://linnarssonlab.org/dentate/)59. d, QPCR analysis 

of mRNA expression of Map2, Dcx, Gfap, and Aif1 in the dentate gyrus (n = 6) and neurons 

differentiated from adult hippocampal stem cells (n = 8 from two independent experiments). 

Ct: cycle threshold value. Data are represented as mean ± SEM of biologically independent 

samples.
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Extended Data Fig. 10: Peripherally delivered irisin has central effects.
a-e, WT mice injected with AAV8-GFP or AAV8-irisin-FLAG via the tail vein. Western 

blot of plasma from AAV8-GFP (1–2) and AAV8-irisin-FLAG (3–4) with or without 

deglycosylation (a), qPCR analysis of liver (b), quadriceps (c), inguinal white adipose tissue 

(iWAT) (d), interscapular brown adipose tissue (iBAT) (e). Two-way ANOVA (b-d). Data 

are represented as mean ± SEM of biologically independent samples (n = 6 per group) (b-e).
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Fig. 1. Genetic deletion of irisin impairs cognitive function in exercise and aging.
a, Schematic representation of FNDC5 and irisin. SP= signal peptide, H= hydrophobic 

domain, C=c-terminal domain a.a.= amino acid. b and c, Morris-water-maze (MWM) 

latency to reach the target platform in reversal (b) (WT-sed n = 9, WT-run n = 12, F5KO-sed 

n = 12, F5KO-run n = 14) and 24h probe trial in MWM in reversal (c). SW quadrant 

(red bar) was the target quadrant (WT-sed n = 9, WT-run n = 12, F5KO-sed n = 11, 

F5KO-run n = 14). d and e, Novel object recognition (NOR) task in young (d) (WT n = 12, 

F5KO n = 14) and aged mice (e) (WT n = 5, F5KO n = 7). f-i, Electrophysiology of WT 

and F5KO using acute hippocampal slices. Schematic showing electrode position to evoke 

field EPSPs in the dentate gyrus (f), EPSP recordings for LTP measurement (55–60 min 

after application of a conditioning stimulus, two-tailed t-test on the average from last five 

minutes) (g), representative traces indicating the average LTP elicited (h), and EPSP slope 

change in different subregions of hippocampus in the PTP (first minute after conditioning 

stimulus) and LTP phase (55–60 min after induction) (i) (WT n = 17, F5KO n = 20 slices 

(g); WT-Total n = 17, WT-dorsal n = 8, WT-ventral n = 9, F5KO-Total n = 20, F5KO-dorsal 

n = 7, F5KO-ventral n = 13 slices (i), from 7 animals per group). RM-Two-way ANOVA (b), 

Two-way ANOVA (d, e, i). One-way ANOVA followed by Fisher’s LSD. Significance was 

Islam et al. Page 33

Nat Metab. Author manuscript; available in PMC 2023 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



assigned only if time spent in the target quadrant was significantly different from all other 

quadrants (c), Two-tailed t-test (g). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. n.s.= 

not significant. Data represented as mean ± SEM of biologically independent samples. See 

source data for exact p-values.
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Fig. 2. Pattern separation is impaired in F5KO mice and can be rescued by delivering irisin 
directly into the dentate gyrus.
a, Contextual fear conditioning discrimination learning paradigm (CFC-DL) for WT and 

F5KO mice (n = 9 per group). b, Contextual fear conditioning (CFC) for WT and F5KO 

mice (WT n = 10, F5KO n = 12), c-e, WT and F5KO were stereotaxically injected with 

AAV8-GFP or AAV8-irisin-FLAG into the dentate gyrus. Schematic of experimental layout 

(c), CFC-DL of AAV8-GFP or AAV8-irisin injected WT (d) and F5KO mice (e) (WT-GFP n 

= 10, WT-irisin n = 10, F5KO-GFP n = 9, F5KO-irisin n = 10). RM-Two-way ANOVA (a, b, 
d, e). **p<0.01, ***p<0.001, ****p<0.0001. n.s.= not significant. Data represented as mean 

± SEM of biologically independent samples. See source data for exact p-values.
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Fig. 3. Adult-born neurons, but not mature granule cells, in the hippocampus display aberrant 
activation in global F5KO mice.
a-c, Representative confocal images of the dentate gyrus stained with anti-BrdU (green), 

c-Fos (red), and Neun (magenta), white arrowhead indicates triple-positive cell. Scale bar 5 

μm (a) and quantification of BrdU-, c-Fos+, NeuN+ mature granule cells (b) and BrdU+, 

c-Fos+, NeuN+ adult-born neurons (c) in the dentate gyrus from WT and F5KO mice. d, 
Running activity/day. e, Total running ninety minutes before sacrificing the mouse. f, Total 

number of BrdU+/NeuN+ cells (n = 7 per group). Two-tailed t-test (b-f). **p<0.01, n.s.= 

not significant. Data represented as mean ± SEM of biologically independent samples. See 

source data for exact p-values.
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Fig. 4. Adult-born neurons in the hippocampus develop abnormally in global F5KO mice.
a, Schematic of CAG-GFP retrovirus injection to label newborn neurons in the 

hippocampus. b-f, Morphological analysis of dendrites of newborn neurons. Representative 

confocal images of newborn neurons stained with anti-GFP (green) and DAPI (white). Scale 

bar 100 μm (b), Sholl analysis of dendritic complexity (c), and total dendritic length of 

newborn neurons in the dorsal hippocampus (d), and Sholl analysis of dendritic complexity 

(e) and total dendritic length of newborn neurons in the ventral hippocampus (f) (n=30 

neurons per group). g-j, Dendritic spine analysis in dorsal newborn neurons. Representative 

confocal images of dendritic spines stained with anti-GFP (green). Scale bar 5 μm (g), 

dendritic spines density (h), cumulative distribution of spine head width (i), and median 

spine head width (j) (WT-sed, n = 6, WT-run, n = 5, F5KO-sed, n = 6, F5KO-run, n = 7 

(h, j)); (WT-sed, n = 966, WT-run, n = 817, F5KO-sed, n = 1018, F5KO-run, n = 1180 

spines, (i)). RM-Two-way ANOVA (c, e). Two-way ANOVA (d, f, h, j), Kruskal-Wallis 

ANOVA test (i). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, n.s.= not significant. Data 

represented as mean ± SEM of biologically independent samples, except for violin plots 

with center line=median, dotted line= upper and lower quartile (d, f). See source data for 

exact p-values.
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Fig. 5. The transcriptome of adult-born neurons in the hippocampus is altered in global F5KO 
mice.
a, Schematic of selective labeling and FACS sorting of single nuclei of newborn neurons for 

transcriptomic analysis by RNA-seq. b, Heatmap of Sample-Feature K-means 4 Clustering 

(blue: F5KO, red: WT, green: Run, purple: Sed). c, Volcano plot of DESeq2 analysis and 

d, GSEA analysis for dysregulated pathways in newborn neurons in F5KO (WT-sed n = 4, 

WT-run n = 4, F5KO-run n=4, F5KO-sed n = 5). See source data for exact p-values.
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Fig. 6. Peripheral irisin improves cognitive function in transgenic mouse models of AD.
a, Hippocampal Fndc5 mRNA expression in WT and APP/PS1 AD mice (n = 4 per group). 

b, FNDC5 mRNA expression from RNA-sequencing data from the MSSM study (Mount 

Sinai School of Medicine, and Mayo), comprising 2,114 samples from 1,234 subjects. c, 
Contextual fear conditioning (CFC) in APP/PS1-WT (n = 10) and APP/PS1-F5KO mice (n 

= 10). d, Schematic of experimental outline for irisin-treatment of transgenic AD models. 

e-g, APP/PS1 mice were injected with AAV8-GFP or AAV8-irisin-FLAG via the tail vein. 

Irisin-FLAG level in the plasma by ELISA (e) (n = 6 per group), escape latency in the 

probe trial in the Barnes maze (f) (GFP n = 9, irisin n = 5), and 4h probe trial in 

the MWM reversal. SW quadrant (blue bar) was the target quadrant (n = 6 per group) 
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(g). h and i, 5xFAD mice were injected with AAV8-GFP or AAV8-irisin-FLAG via the 

tail vein. Irisin-FLAG levels in the plasma by ELISA (GFP n = 6, irisin n = 7) (h), 

and 4h probe trial in MWM reversal. SW quadrant (green bar) was the target quadrant 

(GFP n = 8, irisin n = 7) (i). RM-Two-way ANOVA (c), One-way ANOVA followed by 

Fisher’s LSD. Significance was assigned only if time spent in the target quadrant was 

significantly different from all other quadrants (g, i), Two-tailed t-test (a, b, e, f, h). *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001; n.s.= not significant. Data presented as mean ± SEM 

of biologically independent samples. See source data for exact p-values.
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Fig. 7. Peripheral irisin reduces glia activation in transgenic mouse models of AD.
a-d, APP/PS1 mice were injected with AAV8-GFP or AAV8-irisin-FLAG via the tail vein. 

a and b, Quantification of number (left panel) and cell size (right panel) of GFAP+ 

astrocytes (a) (GFP n=18, irisin n=15) (left); (GFP n=52, irisin n=42 (right) and Iba1+ 

microglia (b) (GFP n=18, irisin n=15) (left); (GFP n=52, irisin n=43) (right). c and d, Bulk 

RNA-seq analysis of hippocampal samples, GSEA analysis for regulated pathways (red for 

inflammatory pathways) (c) and overrepresentation analysis of glia genes (d) (GFP n = 

5, irisin n = 5). e, f, Two-color STORM experiment on differentiated adult hippocampal 

primary neuronal stem cell cultures incubated with recombinant irisin-FLAG. Clus-DoC 

localization map (top) for irisin-FLAG (red) and integrin αV/β3(left) or integrin αV/β5 

(right) (both in green) and Clus-Doc Degree of colocalization (DoC) (bottom) for irisin-

FLAG relative to integrin αV/β3 (left) or integrin αV/β5 (right). Co-localizations are color 

coded according to their DoC scores (score bar at the right of the bottom panels) (e) and 

quantification of colocalized molecules (Irisin-FLAG-αV/β3 n = 7, irisin-FLAG-αV/β5 n = 

10) (f). g, Representative confocal images of co-localization of αV/β5 integrins (magenta) 

with GFAP+ astrocytes (green) (top) and MAP2+ neurons (yellow) (bottom). N = 3 per 

group. Scale bar 20 μm. Two-tailed t-test (a, b), two-tailed t-test with Welch’s correction (d, 
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f). *p<0.05, **p<0.01, ****p<0.0001; n.s.= not significant. Data are represented as mean ± 

SEM of biologically independent samples, except for violin plots with center line = median, 

dotted line = upper and lower quartile (d) and box plots: center line = median, bound of box 

= 25th to 75th percentiles, whiskers = max to min (f). See source data for exact p-values.
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Fig. 8. Peripherally delivered irisin crosses the blood brain barrier.
WT mice were injected with AAV8-GFP or AAV8-irisin-FLAG via the tail vein. Tissues 

were collected three weeks later. a, qPCR analysis. b, Irisin-FLAG levels in plasma and c, 
tissue lysates by ELISA (n = 6 per group). Multiple t-tests with Bonferroni-Dunn method 

correction for adjusted p-value (a, c), Two-tailed t-test (b). **p<0.01, ****p <0.0001, n.s.= 

not significant. Data are represented as mean ± SEM of biologically independent samples. 

See source data for exact p-values.
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