
PNAS Nexus, 2025, 4, pgaf103 

https://doi.org/10.1093/pnasnexus/pgaf103
Advance access publication 22 April 2025 

Research Report

Depletion of senescent cells improves surgery-induced 
neuroinflammation in aged mice
Sajeeshkumar Madhurakkat Perikamana a, Hunter Newmana,b, Yuru Vernon Shiha, Lavonia Duncan b, Hilal Ahmad Rather a, 
Jiaoni Lib, Ravikanth Velagapudic, Niccolò Terrando c,d,e and Shyni Varghese a,b,f,*

aDepartment of Orthopaedic Surgery, Duke University School of Medicine, Durham, NC 27710, USA
bDepartment of Biomedical Engineering, Duke University, Durham, NC 27710, USA
cDepartment of Anesthesiology, Duke University Medical Center, Durham, NC 27710, USA
dDepartment of Integrative Immunobiology, Duke University Medical Center, Durham, NC 27710, USA
eDepartment of Cell Biology, Duke University Medical Center, Durham, NC 27710, USA
fDepartment of Mechanical Engineering and Materials Science, Duke University, Durham, NC 27710, USA
*To whom correspondence should be addressed: Email: shyni.varghese@duke.edu
Edited By Hülya Bayir

Abstract
Aging has been identified as a leading risk factor for many diseases, including neurodegenerative disorders. While cellular senescence has 
been linked to age-related neurodegenerative conditions, its involvement in peripheral stress-associated brain disorders is just beginning 
to be explored. In this study, we investigated the impact of senescent cells on peripheral stress-induced neuroinflammation using 
orthopedic surgery as a model. Our results demonstrate an increased accumulation of senescent cells and neuroinflammation in the 
aged mouse hippocampus following surgery. Intermittent treatment of the mice with the senolytic drugs dasatinib and quercetin 
(D/Q) showed a significant reduction in surgery-induced senescent cell burden. This reduction in senescent cell accumulation was 
correlated with reduced surgery-induced neuroinflammation, as evidenced by decreased glial cell activity. Consistent with these 
observations, we also observed reduced levels of proinflammatory senescence-associated secretory phenotype factors in circulation, 
following fracture surgery, in mice treated with D/Q. Overall, our findings underscore the pivotal role of cellular senescence in 
surgery-induced neuroinflammation and highlight the therapeutic potential of eliminating senescent cells as a potential strategy to 
manage peripheral stress-induced neuroinflammatory conditions.
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Significance Statement

Our study highlights the critical role of cellular senescence in peripheral stress-induced neuroinflammation in geriatric populations. 
The results demonstrate an increase in orthopedic trauma-associated senescent cell burden within the hippocampus of aged mice. 
Depletion of senescent cells using senolytics significantly reduced orthopedic trauma-induced neuroinflammation. These findings 
provide valuable insights into the mechanisms underlying postoperative neurocognitive complications and suggest senescent cell 
targeting as a therapeutic intervention to mitigate neuroinflammation.
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Introduction
Abnormal neurological manifestations, including perioperative 
neurocognitive disorders such as delirium, are reported in aged 
populations following various peripheral insults including infec
tions and surgeries such as orthopedic and cardiac surgeries 
(1–3). Neuroinflammation is central to all these pathologies and, 
in fact, is a key pathological hallmark of most neurological dys
functions (4). The mechanisms driving increased vulnerability to 
neuroinflammation with age are less understood but are essential 
to reduce the clinical and socioeconomic burdens. Hallmarks 
of aging that drive susceptibility to acute and chronic diseases 

include genomic instability, telomere shortening, epigenetic 
changes, mitochondrial dysfunction, altered microenvironment 

and cellular compartments including stem/progenitor cell 

exhaustion, and cellular senescence (5). Cellular senescence is a 

key biological process that prevents abnormal cell proliferation; 

however, senescent cells can accumulate excessively in organs 

as a response to stress. In addition to cell cycle arrest, accumula
tion of senescent cells is characterized by the production 

of senescence-associated secretory phenotypes (SASPs) (6). 

Senescent cells exhibit up-regulation of cyclin-dependent kinase 

inhibitors—Cdkn2a (p16-Ink4a) and Cdkn1a (p21-Cip1)—and 
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demonstrate resistance to apoptosis via up-regulation of senes
cent cell antiapoptotic pathways (7).

The secretome associated with the SASPs is enriched with proin
flammatory cytokines, chemokines, extracellular matrix frag
ments, and degrading enzymes that can drive tissue dysfunction 
when accumulated excessively (8, 9). In addition to the autocrine 
effect, the senescent cells also induce senescence of the surround
ing cells and spread the effect via paracrine signaling (10). 
Senescent cells resist apoptosis by up-regulating the senescent 
cell antiapoptotic pathway (SCAP), enhancing their survival and 
antiapoptotic capabilities (11). Different types of senescent cells 
employ various SCAPs to resist apoptosis (11). To date, several se
nolytics have been studied and found effective in eliminating sen
escent cells (12). Drugs targeting multiple SCAP network nodes are 
more effective at eliminating senescent cells and reducing off- 
target effects on nonsenescent cells compared with those targeting 
a single node (11). Among these, the combination of dasatinib and 
quercetin (D/Q) has shown promise by targeting multiple prosur
vival pathways (13, 14). Dasatinib (D), an FDA-approved drug, pro
motes apoptosis by inhibiting Src kinase (15). Quercetin (Q), a 
naturally occurring flavonoid, inhibits BCL-2 family members 
such as BCL-xL, as well as HIF-1α, PI3-kinase pathways, and other 
SCAP components (11). This combination demonstrates a synergis
tic effect, clearing a broader range of senescent cells than either 
agent alone (11). The D/Q combination has been shown to clear 
senescent cells in cell culture experiments, in peripheral organs, 
and in the brain in animal studies (16–18). The results from the hu
man clinical trial of D/Q are starting to emerge, and the initial stud
ies showed that patients with idiopathic pulmonary fibrosis 
significantly improved gait functions with D/Q treatment (19).

Cellular senescence is associated with many neurodegenera
tive diseases such as Alzheimer’s disease, Parkinson’s disease, 
and multiple sclerosis (20–23). Senescent cell markers have been 
identified in various brain cell populations under multiple patho
logical conditions (21, 24, 25). Senescent cell clearance from the 
brain using senolytics has been shown to alter disease pathologies 
in mouse models of Parkinson’s disease and tau-dependent neu
rodegenerative diseases including Alzheimer’s disease (20, 25, 
26). In this study, we employed an orthopedic surgery model to 
study perioperative neuroinflammation to investigate the poten
tial of cellular senescence on peripheral insult-induced neuroin
flammation in aged mice (27). Previous studies have shown that 
surgery elevates the systemic inflammatory factors, blood–brain 
barrier (BBB) breaching, and neuroinflammation, and this phe
nomenon was particularly exacerbated in aged animals (28, 29). 
Leveraging these observations, we examined the role of cellular 
senescence in perioperative neuroinflammation where senescence 
was modulated using a clinically relevant senolytic drug, D/Q. Our 
studies found that fracture surgery resulted in significant accumu
lation of senescence cells in the hippocampal region of aged mice 
and depletion of senescent cells alleviated surgery-induced neuro
inflammation. These findings were correlated with elevation of 
SASP secretory factors in circulation. Using in vitro cell culture, 
we showed that the SASP secretory factors from the peripheral im
mune cells can induce senescence of the brain cells.

Results
Aged mice exhibit enhanced senescence in the 
hippocampus following orthopedic surgery
Hippocampal tissues of 22-month-old C57BL/6 mice that under
went tibial fracture surgery were analyzed for senescence accu
mulation at 24 h following surgery and compared against a 

control group without surgery (Fig. 1A). RT2 Profiler PCR analysis 
of hippocampal tissue showed an elevation of various gene 
markers associated with cellular senescence (Fig. 1B). The cellular 
senescence following fracture surgery was further assessed by 
gene expression analyses of hippocampal cells, which showed a 
significant increase in p21 expression for the surgery group com
pared with the control group (Fig. S2B). Concomitant with these 
findings, histochemical analyses for senescent markers, p2, p16, 
and senescence-associated β-gal (SA-β-gal) showed a significant 
increase in hippocampi of aged mice that underwent surgery 
(Figs. IC–F and S1A). No such increase in senescent cell accumula
tion following tibial fracture surgery was observed in 3-month-old 
animals (Fig. S2A–C). To assess whether pretreating the animals 
with senolytic drugs could prevent surgery-induced hippocampal 
senescence, the mice were treated with a cocktail of D/Q for 
four intermittent cycles (termed as D/Q-4) as described in the 
Supplementary Methods. Animals treated with D/Q showed a sig
nificant reduction in surgery-induced senescent cell accumulation 
as evident by the gene expression, SA-β-gal staining, and immuno
fluorescent staining for p21 and p16 (Figs. 1B–F and S1A and B).

Next, we examined the cell populations that exhibit senescence. 
To this end, we costained the major hippocampal cells—neurons, 
microglia, and astrocytes—with the senescent marker p21 
(Fig. 2A–C). We observed a significant increase in ionized calcium- 
binding adaptor molecule 1 (IBA1)-positive microglial cells express
ing p21 following surgery in the vehicle-treated group compared 
with the D/Q-treated group and no-surgery control group (i.e. no 
surgery, no treatment) (Fig. 2A). Similarly, the percentage of 
NeuN-positive neurons that express p21 was also found to be sig
nificantly increased following surgery in the vehicle-treated group 
compared with the D/Q-treated group and no-surgery control group 
(Fig. 2B). Costaining of glial fibrillary acidic protein (GFAP) with p21 
showed no significant change in astrocyte population in the vehicle- 
treated group (Fig. 2C). The senescence of the brain cells and the ef
fect of D/Q treatment postsurgery were further confirmed by flow 
cytometry. Analysis of the whole brain revealed the presence of sen
escent microglia (IBA1+/p21+), neurons (NeuN+/p21+), and astro
cytes (GFAP+/p21+) following surgery, which were significantly 
reduced with the D/Q treatment (Fig. 2D–F).

Given the effect of D/Q treatment on surgery-induced hippocam
pal cell senescence, we next examined whether a short duration of 
D/Q treatment would yield the same outcome. Towards this, we 
subjected the animals to two intermittent cycles of 5 days of treat
ment followed by 4 days of rest (D/Q-2) or one cycle of 5 consecutive 
days of treatment (D/Q-1) prior to surgery. The surgery-induced 
changes in senescent cell accumulation in the hippocampus were 
assessed and compared against the D/Q-4 group. Analyses of the 
p21-positive cells in the hippocampus showed that the cohorts sub
jected to D/Q-2 exhibited a significant reduction in surgery-induced 
senescence, similar to D/Q-4, while D/Q-1 had minimal to no effect 
(Fig. 3A). A similar trend was also observed with the senescent 
marker p16 and SA-β-gal (Figs. 3B and S3).

D/Q treatment reduced systemic SASPs following 
orthopedic surgery
To determine surgery-induced changes in SASPs in the circula
tion, we performed multiplex analysis of the peripheral blood us
ing a customized cytokine array at 6 and 24 h following surgery. 
The cytokine values were normalized to the corresponding base
line value for each animal (i.e. cytokines levels prior to surgery) 
and expressed as fold change. To determine the effect of age on 
surgery-induced SASP factors, the cytokine levels of aged animals 
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were compared to the young animals. This analysis showed that 
many of the key SASP factors were significantly increased in the 
plasma of aged animals compared with the young animals at 
6 h posttibial fracture surgery (Fig. 4A). Specifically, we found 
that SASP factors IL-17a, IL-1β, IL-6, TNF-alpha, MCP-1, IP-10, 
and MIP-1α were significantly elevated in the plasma of aged ani
mals at 6 h postsurgery. Many of these SASP factors were returned 
to the baseline by 24 h postsurgery. To determine the effect of D/Q 
treatment on surgery-induced changes in SASP factors, we com
pared the aged animals with (i.e. D/Q treatment) and without 
(i.e. vehicle treatment) the drug treatment. The D/Q-treated 
aged animals showed an attenuation of the SASP factors IL-27, 
IL-33, IL-1β, IL-6, SDF-1, MCP-1, IP-10, and MIP-1α in the peripheral 
blood following surgery (Fig. 4B). In agreement with the SASP lev
els in the peripheral blood, flow cytometry analyses of peripheral 
blood cells showed a significant decrease in p21-positive senes
cent cells with D/Q treatment compared with vehicle-treated 
group (Fig. S4A). Additionally, SA-β-gal staining revealed an accu
mulation of senescent cells at the fracture site, which was re
duced by D/Q treatment (Fig. S4B).

SASP factors induce brain cell senescence in an in 
vitro cell culture model
Using an in vitro cell culture model, we next examined whether 
SASP factors from the peripheral cells can induce senescence of 
brain cells. To this end, we used human iPSC-derived neurons 
and astrocytes, human microglia cells HMC3, and human mono
cytic cells THP-1. To induce senescence of THP-1 cells and promote 
secretion of SASP factors, the cells were cultured for 2 consecutive 
days in the presence of bleomycin, a senescence-inducing drug 
(30). The cells were then cultured in medium with and without 
D/Q drugs for 12 days, and the conditioned medium was collected 
as detailed in the Supplementary Methods. Gene expression ana
lysis showed an increase in p21 expression following bleomycin 
treatment, while the cells cultured with D/Q exhibited significantly 
reduced p21 levels (Fig. S5A). The in vitro cell cultures of neurons, 
astrocytes, and microglial cells were exposed to the conditioned 
medium generated from the THP-1 cell cultures with or without 
D/Q, or those without any exposure to bleomycin. The brain cells 
exposed to the conditioned medium showed culture condition- 
dependent changes in senescence induction (Fig. S4B–G). 

Fig. 1. D/Q treatment-attenuated surgery-induced hippocampal senescence. A) Twenty-two-month-old mice were divided into control (i.e. no surgery, 
no treatment), vehicle, or D/Q treatment groups. After the drug administration, mice were subjected to tibial fracture. Mice were sacrificed 24 h after 
fracture surgery, the brain was harvested, and the hippocampus was used for various analyses. B) Experimental condition-dependent gene expression 
analysis of core senescence and SASP transcripts in the hippocampus (n = 3) analyzed using RT² Profiler PCR Array. C) and E) Histochemical analysis of 
SA-β-gal in the hippocampus (n = 5). D) and F) Immunohistochemical analysis of senescence marker p21 showed an elevation in senescence 
accumulation following surgery in the hippocampal tissue, which was attenuated with D/Q treatment (n = 5). Statistical significances were determined 
using one-way ANOVA with post hoc Tukey’s test in GraphPad Prism 10.2.1. *P < 0.05; **P < 0.01. Sub-figure (A) was created using Biorender.com.
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Specifically, the brain cells cultured in THP-1-conditioned medium 
exposed to bleomycin exhibited significantly higher levels of 
SA-β-gal-positive staining compared with THP-1 cultures treated 
with D/Q or the control cultures (i.e. THP-1 without bleomycin ex
posure) (Fig. S5B, D, and F). Gene expression analysis of p21 further 
corroborated these findings (Fig. S5C, E, and G).

Depletion of senescent cells mitigated the 
orthopedic surgery-induced neuroinflammation 
in male and female mice
Previous studies have shown significant neuroinflammation fol
lowing fracture surgery in aged animals (29). Consistent with the 
prior studies, aged mice that underwent tibial fracture surgery ex
hibited postsurgical neuroinflammation compared with the con
trol (i.e. without surgery) as indicated by the changes to the glial 
cells—microglia and astrocytes—in the hippocampus of the brain 
(Fig. 5A and B). Fluorescence intensity analyses for IBA1 and GFAP 
showed higher levels in vehicle-treated surgery group compared 
with the control (i.e. no treatment, no surgery). Immunostaining 
of IBA1 (a microglial marker) with CD68, a marker for reactive 
microglia, revealed a significant increase in activated microglia 
in the vehicle-treated surgery group compared with the control 
groups (Fig. 5C). The surgery-induced activation of glial cells 
was alleviated in animals subjected to D/Q-4 or D/Q-2 treatment 
regime (Figs. 5A–C and S5A–C). No such change in glial cell activation 
was observed with the D/Q-1 treatment (Figs. 5A–C and S6A–C). 

We also performed gene expression analysis of key proinflamma
tory molecules—IL-1β, IL-6, and TNF-α—in the hippocampus, 
which revealed a significant down-regulation of these markers 
in the hippocampus with the D/Q treatment (Fig. 5D).

Finally, the effect of sex on D/Q treatment was examined by us
ing C57BL6 female mice of the same age. Akin to the male cohorts, 
the female mice that were subjected to tibial fracture surgery 
showed a significant increase in senescent cell accumulation 
compared with the no-surgery group. This increase in senescent 
cell accumulation was attenuated with D/Q treatment (Figs. 6A 
and S7A and B). The D/Q treatment-mediated decrease in senes
cent cell accumulation also resulted in reduced neuroinflamma
tion following surgery, as evident by the immunohistochemical 
analysis of astrocyte marker GFAP and microglial marker IBA1 
(Fig. 6B and C).

Discussion
In this study, we investigated the role of senescent cells in periph
eral stress-induced neuroinflammation using orthopedic surgery 
as a model system. We found that the surgery resulted in a dy
namic shift in the age-dependent senescent cell landscape in 
the mouse hippocampus. Although previous studies have shown 
that direct trauma can promote cellular senescence in the brain 
cell population, our results demonstrate accumulation of senes
cent cell populations in the hippocampus of aged mice following 

Fig. 2. D/Q treatment-mediated changes in surgery-induced senescent cell burden in hippocampal cell population. Analyses of p21-positive: A) 
microglia, stained using antibody against IBA1; B) neurons, stained using antibody against NeuN; and C) astrocytes, stained using antibody against GFAP. 
n = 5. Statistical significances were determined using one-way ANOVA with post hoc Tukey’s test in GraphPad Prism 10.2.1. *P < 0.05; **P < 0.01; ****P <  
0.0001. Flow cytometry analysis of p21-positive D) microglia, E) neurons, and F) astrocytes (n = 4–7). Statistical significances were determined using 
Student’s t test in GraphPad Prism 10.2.1.
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an orthopedic surgery (20, 31–33). In an effort to modulate the sen
escent cell accumulation, we used the widely studied senolytic 
drug D/Q (13, 14).

Our results showed that the aged mice intermittently adminis
tered with D/Q, long and short duration, prior to surgery showed 
decreased senescent cell accumulation in the hippocampus. 
Previous work has shown neuroinflammation of aged mice that 
underwent tibial fracture surgery (29). Increased senescent cell 

burden in the brain has also been shown to contribute to neuroin
flammation (34, 35). Consistent with these findings, aged animals 
that underwent tibial fracture surgery showed higher glial cell ac
tivity, which was attenuated with the D/Q treatment regimen that 
was effective in reducing senescent cell burden. Together, the re
sults show a strong association between cellular senescence and 
neuroinflammation. Several studies have shown that the combin
ation of D and Q can target senescent cells by interfering with 

Fig. 3. D/Q treatment regimen-mediated changes in surgery-induced senescence accumulation in the hippocampus. Immunohistochemical analysis for 
senescence markers A) p21 and B) p16 showing treatment duration-dependent changes in senescent cell accumulation in the hippocampus (n = 5–6). 
Statistical significances were determined using one-way ANOVA with post hoc Tukey’s test in GraphPad Prism 10.2.1. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. Systemic SASP factors were elevated in the aged animals following surgery, and D/Q treatment attenuated the elevation of systemic SASP factors. 
A) Multiplex analysis of the major SASP factors in the plasma of young and aged animals at 6 and 24 h posttibial fracture surgery. B) Multiplex analysis of 
the major SASP factors in the plasma of vehicle- and D/Q-treated aged animals posttibial fracture surgery at 6 and 24 h. Statistical significances were 
determined using two-way ANOVA in GraphPad Prism 10.2.1. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Fig. 5. D/Q treatment-induced changes in senescent cell accumulation in the hippocampus correlate with the surgery-induced neuroinflammation. 
Immunohistochemical analysis of A) microglia, stained using antibody against IBA1, and B) astrocytes, stained using antibody against GFAP. C) 
Representative images of immunofluorescence staining of IBA1 and reactive microglial marker, CD68, in the hippocampus. D) Relative gene expression of 
various inflammatory markers in the mouse hippocampus (n = 5–6). Statistical significances were determined using one-way ANOVA with post hoc 
Tukey’s test in GraphPad Prism 10.2.1. *P < 0.05; **P < 0.01.
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their prosurvival network of tyrosine kinases, BCL-2, p53, p21, ser
pine, PI3K/AKT, and others (36, 37). Preclinical animal studies and 
clinical trials have demonstrated that D/Q treatment reduces the 
number of senescent cells (13, 14, 19). In line with these findings, 
our results show reduced senescence following D/Q treatment, 
though our study does not specifically demonstrate selective 
targeting of senescent cells. Study by Ogrodnik et al. (18) has 
shown that the elimination of senescent cells throughout the 

body alleviated brain inflammation and cognitive impairment. 
Another study by Ryu et al. (38) has shown that dasatinib 
alleviates lipopolysaccharide-induced neuroinflammation by 
acting through inhibiting TLR4/AKT and/or TLR4/ERK signaling, 
suggesting additional organ- and/or disease-specific mechanisms. 
Nonetheless, irrespective of the specific molecular mechanism, 
D/Q treatment individually or in combination results in a signifi
cant reduction in proinflammatory cytokine levels.

Fig. 6. D/Q treatment-attenuated surgery-induced hippocampal senescence and neuroinflammation in female mice. Immunohistochemical staining of 
the hippocampus tissue for A) senescence marker p21, B) astrocyte maker GFAP, and C) microglial marker IBA1 (n = 5–6). Statistical significances were 
determined using one-way ANOVA with post hoc Tukey’s test in GraphPad Prism 10.2.1. *P < 0.05; **P < 0.01; ***P < 0.001.
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A key characteristic of senescent cells is the proinflammatory 
SASP, which can influence the surrounding and distant environment 
through autocrine, juxtacrine, and paracrine effects (10, 39). Besides 
the conventional cellular senescence resulting from telomere short
ening after repeated cell division, accumulation of cellular senes
cence can also be accelerated by stressful stimuli and injuries 
(40, 41). It is increasingly evident that senescent cell burden can re
sult in pathologies that can transform acute organ injuries into a 
chronic state (42, 43). In our study, multiplex cytokine assay from 
the peripheral blood plasma showed increased levels of SASP factors 
in the circulation of the aged animals following surgery. The 
proinflammatory SASP factors were transiently increased following 
surgery, akin to prior studies that assessed surgery-induced proin
flammatory molecules in circulation (44, 45). As anticipated, the 
D/Q treatment mitigated the elevated SASPs level in the circulation 
following surgery. Further, the flow cytometric analyses of p21- 
positive senescent cells in the peripheral blood plasma showed a 
similar trend, with a significantly reduced percentage of p21-positive 
cells in the D/Q-treated animals compared with the vehicle-treated 
group. We also observed significantly reduced senescent cell accu
mulation at the fracture site in D/Q-treated animals. Together, these 
results suggest that D/Q treatment reduced the senescent cell bur
den both locally and systemically, leading to reduced systemic in
flammation. Many emerging preclinical and clinical studies have 
shown that the elevated proinflammatory factors in the systemic cir
culation can potentially breach the BBB and thereby make the brain 
tissue accessible to different blood-borne factors (46, 47). Our in vitro 
cell culture studies suggest that SASP factors from peripheral mono
cytes can induce senescence of the brain cells, which we posit is the 
possible mechanism we observe in vivo. Noteworthy, studies have 
suggested that SASP is one of the principal mechanisms promoting 
tissue degeneration and inflammation.

In summary, our findings collectively show a strong correlation 
between cellular senescence and surgery-induced neuroinflamma
tion. The highly inflammatory state following fracture, as suggested 
by the SASP measurements, in circulation, may contribute to the 
senescent cell accumulation in the hippocampus. Further studies 
are needed to test this hypothesis and identify the key contributions 
made by the SASP factors in crossing the BBB and contributing to the 
senescent cell burden in the hippocampus. Similarly, additional 
studies are needed to determine the specific molecular mechanisms 
underlying senolytic treatment in cells and its effects on alleviating 
neuroinflammation. Nevertheless, our findings show the key role 
played by senescence in surgery-induced neuroinflammation. 
There are also clear implications for common postoperative neuro
logical complications, such as delirium where this model has been 
previously applied, to evaluate SASP factors from clinical samples 
in correlation with cognitive testing. In conclusion, these findings 
have further clinical implications for the development of therapeutic 
interventions to address neuroinflammation and ultimately im
prove patient outcomes.

Methods
Animal care
Animal experiments were performed under protocol (A116-23-05) 
approved by the Institutional Animal Care and Use Committee of 
the Duke University and performed in accordance with the NIH 
and national and international guidelines for laboratory animal care.
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