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Pyridostigmine bromide elicits progressive and chronic impairments in the 
cholinergic anti-inflammatory pathway in the prefrontal cortex and 
hippocampus of male rats 
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A B S T R A C T   

Gulf War Illness (GWI) is a multi-symptom illness that continues to affect over 250,000 American Gulf War 
veterans. The causes of GWI remain equivocal; however, prophylactic use of the acetylcholinesterase inhibitor 
pyridostigmine bromide (PB), and the stress of combat have been identified as two potential causative factors. 
Both PB and stress alter acetylcholine (ACh), which mediates both cognition and anti-inflammatory responses. As 
inflammation has been proposed to contribute to the cognitive deficits and immune dysregulation in GWI, the 
goal of this study was to determine the long-term effects of PB and stress on the cholinergic anti-inflammatory 
pathway in the central nervous system and periphery. We used our previously established rat model of GWI and 
in vivo microdialysis to assess cholinergic neurochemistry in the prefrontal cortex (PFC) and hippocampus 
following a mild immune challenge (lipopolysaccharide; LPS). We then examined LPS-induced changes in in-
flammatory markers in PFC and hippocampal homogenates. We found that PB treatment produces a long-lasting 
potentiation of the cholinergic response to LPS in both the PFC and hippocampus. Interestingly, this prolonged 
effect of PB treatment enhancing cholinergic responses to LPS was accompanied by paradoxical increases in the 
release of pro-inflammatory cytokines in these brain regions. Collectively, these findings provide evidence that 
neuroinflammation resulting from dysregulation of the cholinergic anti-inflammatory pathway is a mechanistic 
mediator in the progression of the neurochemical and neurocognitive deficits in GWI and more broadly suggest 
that dysregulation of this pathway may contribute to neuroinflammatory processes in stress-related neurological 
disorders.   

1. Introduction 

Soldiers who served in the 1990–1991 Gulf War (GW) returned with 
an unexplained, multi-symptom illness that affected several physiolog-
ical systems, including the central nervous system (CNS), as well as the 
immune, endocrine, cardiovascular, and gastrointestinal systems. After 
returning, their health complaints included memory impairments, 
attentional deficits, chronic pain, poor cardiovascular health, respira-
tory problems, and gastrointestinal disturbances (Kang et al., 2009; Li 

et al., 2011). Thirty years later, the causes of this constellation of 
symptoms, now termed Gulf War Illness (GWI), are still unknown and 
roughly 250,000 American veterans remain without a cure (Pope et al., 
2005). While the origins of this unique symptomology are still unknown, 
the prophylactic use of the reversible acetylcholinesterase inhibitor 
pyridostigmine bromide (PB), and the stress of combat have been 
identified as two potential causative factors (Haley et al., 1997; Steele 
et al., 2012; White et al., 2016). Due to concerns of chemical warfare 
during the GW, soldiers were advised to ingest 30 mg PB tablets every 8 
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hours to provide continuous pharmacological protection against expo-
sure to irreversible cholinesterase inhibitors (i.e., chemical nerve 
agents) (Gordon et al., 1978; von Bredow et al., 1991; Steele, 2000). 
Though PB was prescribed to every GW soldier and many GWI symp-
toms are consistent with cholinergic toxicity, the incidence of GWI is 
more prevalent in ground forces compared to forces that remained in 
relief areas (Steele, 2000). This disparity led researchers to hypothesize 
that the physical and psychological stress of combat may also contribute 
to GWI presentation (Parihar et al., 2013; Hattiangady et al., 2014; 
Macht et al., 2018). 

Both PB and stress alter levels of acetylcholine (ACh), an essential 
neurotransmitter for both the central and peripheral nervous systems. 
The cholinergic system is extremely sensitive, and disrupting its regu-
lation can have deleterious effects on immune responses and cognition. 
Specifically, the cholinergic anti-inflammatory pathway uses ACh, 
mediated by the vagus nerve, to suppress the release of pro- 
inflammatory cytokines from immune cells by binding to α7 nicotinic 
ACh receptors (α7 nAChRs) on the surface of macrophages (periphery), 
astrocytes (CNS) and microglia (CNS) (Wu et al., 2021). Importantly, 
several preclinical and clinical studies have found a dysregulation of the 
immune response in GWI, suggesting that the cholinergic 
anti-inflammatory pathway is impaired (Broderick et al., 2013; Johnson 
et al., 2016; Georgopoulos et al., 2017; Macht and Reagan, 2018; Macht 
et al., 2019). Both ACh and inflammation are key components of 
cognitive function and synaptic plasticity, and it is well accepted that 
impairing cholinergic neurotransmission results in both memory and 
attentional deficits, impairments that are routinely seen in GWI patients 
(Hubbard et al., 2014; Tillman et al., 2017). Similarly, neuro-
inflammation has been proposed to be a critical mechanistic mediator in 
the initiation and progression of cognitive decline (Sparkman and 
Johnson, 2008; Ransohoff, 2016). 

In view of these observations, our previous studies investigated 
whether PB and stress interact to impair central and peripheral cholin-
ergic function in a rat model of GWI (Macht et al., 2018, 2019, 2020). 
We previously reported that 10 days following a 14-day treatment 
paradigm of PB and repeated restraint stress (RRS), PB treatment alone 
or in combination with stress elicited dysregulation of peripheral im-
mune responses to a modest immune challenge, namely a 30 μg/kg dose 
of lipopolysaccharide (LPS) (Macht et al., 2019). Additionally, this study 
found that a history of RRS blunted the cholinergic response to LPS in 
the prefrontal cortex (PFC) but a history of PB treatment alone blunted 
the cholinergic response to LPS in the hippocampus 10 days after the 
cessation of treatment (Macht et al., 2019). While the results from this 
study indicated that both PB and stress elicit immediate changes in pe-
ripheral and central cholinergic pathways, they did not address the 
enduring effects of acetylcholinesterase inhibition and stress as they 
relate to the progressive nature of GWI. Indeed, one of the most devas-
tating aspects of GWI is that its symptoms, especially those in the CNS, 
have become progressively worse in aging veterans. Unfortunately, 
long-term preclinical studies evaluating a potential progressive dysre-
gulation of the cholinergic anti-inflammatory pathway remain limited. 
Accordingly, the goal of this study was to use our previously established 
rat model of GWI, consisting of PB treatment, alone and in combination 
with RRS, to determine the long-term (approximately 3 months after the 
cessation of treatment) effects on the cholinergic anti-inflammatory 
pathway in the CNS. Collectively, the results of the current study sug-
gest that enduring dysregulation of the cholinergic anti-inflammatory 
pathway results in an enhanced proinflammatory cytokine response to 
an LPS challenge in the hippocampus and PFC of PB-treated rats, thereby 
providing a potential mechanism for the progressive neurological defi-
cits observed in veterans with GWI. 

2. Materials and methods 

2.1. Animals 

Adult male Sprague Dawley rats (Envigo, 200–225g) were individ-
ually housed with irradiated Sani-Chips wood bedding (P.J. Murphy 
Forest Products Corp.) at the University of South Carolina School of 
Medicine animal facility. Rooms were temperature controlled (22◦C) 
and kept on a 12/12hr light-dark cycle, with lights on at 7:00 a.m. 
Animals were given ad libitum access to food and water, and nylabones 
were provided for enrichment. Rats were approximately 7 weeks old 
upon arrival and treatment began after a one-week acclimation period. 
Only males were used in this study as over 90% of Gulf War veterans are 
male (Nettleman, 2015). All procedures were performed in accordance 
with all guidelines and regulations of the Dorn VA Animal Care and Use 
Committee. 

2.2. GWI paradigm 

The experimental design of our rat model of GWI includes the 
following 4 groups; 1) vehicle-treated (sterile water by gavage), non- 
stressed control rats (Vehicle-NSC); 2) PB-treated (1.3 mg/kg by 
gavage), non-stressed control rats (PB-NSC); 3) vehicle-treated rats 
subjected to repeated restraint stress (Vehicle-RRS); and 4) PB-treated 
rats subjected to repeated restraint stress (PB-RRS). Rats were gavaged 
daily from days 1–14 with either vehicle or PB (prepared daily, 1.3 mg/ 
kg body weight). This dose has been described previously to mimic the 
dose taken by soldiers and effectively decrease plasma cholinesterase 
activity (Marino et al., 1998). Restraint stress began on day 5; imme-
diately following gavage, Vehicle-RRS and PB-RRS rats were placed in 
mesh restrainers for 6 hours (10:00 a.m.-4:00 p.m.) for 10 consecutive 
days. NSC rats were housed in a separate room, were handled each day, 
and then returned to their home cage. Early (day 24 post treatment, 
approximately 11–12 weeks old) and delayed cohorts (day 100 post 
treatment, approximately 6 months old) were subjected to an immune 
challenge of 30 μg/kg LPS followed by assessment of immune or 
neurochemical endpoints. See Fig. 1 for experimental timeline. 

2.3. Stereotaxic surgery 

One hundred days after the treatment paradigm, rats in cohort #1 
were anesthetized with isoflurane and underwent stereotaxic surgery to 
place guide cannulae into the PFC and ipsilateral dorsal hippocampus, as 
previously described (Macht et al., 2019). Briefly, interlocking intrace-
rebral guide cannulae and stylets from Bioanalytical Systems Incorpo-
rated (BASi: #MD-2251) were unilaterally implanted relative to bregma: 
AP, + 3.2 mm; L, ± 0.5 mm; DV, - 2.5 mm for the PFC, and AP, - 5.5 mm; 
L, ± 4.0 mm; DV, - 3.8 mm at a 10◦ angle for the hippocampus. Co-
ordinates were based on Paxinos and Watson rat brain atlas (Paxinos and 
Watson, 1998). Left and right hemispheres were counterbalanced across 
groups. Rats were left undisturbed for one full day following surgery for 
recovery, before beginning habituation to the microdialysis bowls. No 
differences in surgical recovery were observed in any group. 

2.4. In vivo microdialysis 

Each rat in cohort #1 underwent a session of microdialysis as pre-
viously described (Macht et al., 2019). Briefly, rats were habituated to 
the microdialysis bowls in the BASi Raturn system for 20 hours over the 
course of 4 days. This habituation period ensured rats received a full 
week of recovery before microdialysis began. On the day of the micro-
dialysis session, BASi probes (2 mm, MD-2200) were placed into the 
guide cannulae and perfused with artificial cerebral spinal fluid (150 
mM NaCl; 3 mM KCl; 1.7 mM CaCl2H2O; 0.183 mM MgCl26H2O; 5 mM 
D-glucose) with 100 nM neostigmine at a rate of 2 μL/min. The first 3 h 
(8:00 a.m.-11:00 a.m.) of collection were discarded to allow for recovery 
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from probe insertion. Collections were then taken at 15-min intervals 
with the first four collections serving as baseline measurements. Rats 
were injected intraperitoneally (i.p.) with 30 μg/kg of LPS at the start of 
the 5th collection, and collections continued for 3 hours post injection. 
This dose of LPS was based on prior dose-response studies (Macht et al., 
2019). Samples were immediately frozen and stored at − 80 ◦C at the end 
of each collection. 

2.5. Transcardial perfusion 

Following microdialysis, rats in cohort #1 were anesthetized with 
isoflurane and transcardially perfused with 0.1M phosphate buffered 
saline followed by 4% paraformaldehyde in 0.1M phosphate buffer. 
Brains were removed and placed in a 30% sucrose/0.1M phosphate 
buffer solution at 4◦C for several days and then rapidly frozen using 
isopentane on dry ice and stored at − 80◦C. A sliding microtome was 
used to cut 40 μm coronal sections to verify probe placement in each rat 
as shown previously (Macht et al., 2019). 

2.6. High performance liquid chromatography 

ACh concentration in dialysate samples was measured as previously 
described (Fadel et al., 2005; Calva et al., 2018; Macht et al., 2019). 
Briefly, dialysate samples were thawed individually and 20 μL was 
loaded onto an Eicom AC-GEL reverse-phase analytical column, where 
choline and ACh were isolated from other biogenic compounds in 
interaction with a mobile phase consisting of 50 mM potassium bicar-
bonate, 300 mg/L sodium decanesulfonate, and 50 mg/mL 2Na EDTA, 
pH 8.4. A dual enzymatic column AC-ENZYM II from Eicom metabolized 
ACh into hydrogen peroxide by acetylcholinesterase and choline oxi-
dase. An applied current of +450 mV oxidized the hydrogen peroxide at 
the platinum electrochemical detector. The potential was read with the 
Eicom HT-500 detector system with a detection limit of 10 fmol and a 
retention time of 15 minutes. Concentration of ACh in samples was 
interpolated against a three-point standard curve. 

2.7. Plasma endocrine measures 

Separate cohorts of rats (cohorts #2 and #3) underwent the GWI 
paradigm explained above. One day (cohort #2) or 90 days (cohort #3) 
after the treatment paradigm rats were exposed to 3 habitual i.p. saline 
injections (0.1 mL/kg body weight) over the course of 10 days. On days 

24–30 (cohort #2) or 100–105 (cohort #3), rats were euthanized by 
rapid decapitation 2 hours following an i.p. injection of saline or 30 μg/ 
kg LPS. This dose and time course would allow for more direct com-
parisons between LPS-induced changes in cholinergic neurochemistry 
and brain cytokine levels. Tail blood collected on day 14 (cohort #2, no 
stimulus) or day 90 (cohort #3, 2 hours following i.p. saline injection) 
was used to assess plasma cholinesterase activity and leptin levels. 
Plasma cholinesterase activity was measured with a colorimetric assay 
(Abcam, ab#138871) according to manufacturer’s instructions. 
Enzyme-linked immunosorbent assay (ELISA) analysis was used to 
measure leptin levels (Millipore, #EZRL-83K), according to manufac-
turer’s instructions. Both assays were analyzed using a BioTek Synergy 
microplate reader (BioTek Instruments Inc.). 

2.8. Assessment of central and peripheral inflammatory markers 

Following rapid decapitation, anterior, posterior and the hippo-
campal regions from cohorts #2 and #3 were dissected and immediately 
frozen on dry ice and stored at − 80◦C. The PFC was dissected from the 
frozen anterior section using a 1 mm × 1 mm disposable biopsy punch 
(Integra) on a sliding microtome and stored at − 80◦C. Two punches 
were taken from each hemisphere. To assess cytokine levels in brain 
homogenates, PFC and hippocampal dissections were removed from 
− 80◦C and homogenized with lysis buffer (137 mM NaCl, 20 mM Tris- 
HCl, 10% Glycerol, 1% Tergitol-type NP40). The ratio of lysis buffer 
to tissue was 50 μL buffer per punch for PFC and 5 μL buffer per 1 mg 
tissue for hippocampus. 0.5 mm Zirconium Oxide beads (Next Advance) 
were added to each sample at a ratio of 1-part beads to 2-parts buffer. 
Samples were mechanically homogenized by a Bullet Blender (Next 
Advance) at 4 ◦C for 3 minutes at a speed of 8 and then centrifuged at 
4◦C for 15 minutes at 14,000×g. Supernatant was collected and stored at 
− 20◦C until use. Th1/Th2 rat cytokines were quantified using a Bio-Plex 
cytokine assay (Bio-Rad, #171k1002M) according to manufacturer’s 
instructions. Hippocampal lysates were diluted 1:3 with diluent, PFC 
lysates were used neat, and plasma was diluted 1:4 with diluent. The 
plate was read on a Luminex plate reader using high photomultiplier 
voltage and analyzed with Bio-Plex manager software. Cytokine values 
in lysates were normalized for protein. Cytokine-induced neutrophil 
chemo-attractant 3 (CINC-3) levels were measured in plasma isolated 
from trunk blood of cohorts #2 and #3 using an enzyme-linked immu-
nosorbent assay (R&D Systems, #DY525), according to manufacturer’s 
instructions. Plasma samples were diluted 1:2 with diluent. The plate 

Fig. 1. Experimental Timeline. All rats underwent the GWI paradigm with 2 levels of drug treatment (vehicle, PB) and 2 levels of stress (non-stressed control (NSC), 
repeated restraint stress (RRS)). Cohort #1 underwent in vivo microdialysis 100 days after the treatment paradigm to assess the cholinergic response of the hip-
pocampus and PFC to i.p. LPS at a delayed timepoint. Separate cohorts were used to assess immune responses at both the early (days 24–30, cohort #2) and delayed 
(days 100–105, cohort #3) timepoints in tissue homogenates and plasma 2 hours following i.p. saline or LPS administration. 
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was read on a BioTek Synergy microplate reader (BioTek Instruments 
Inc.). 

2.9. Immunoblot analysis 

Immunoblotting analysis was performed using the membrane frac-
tions prepared for cytokine analysis. Briefly, fractions were separated by 
SDS/PAGE (10%), transferred to polyvinylidene difluoride (PVDF) 
membranes, and blocked in TBS plus 10% non-fat dry milk plus 0.05% 
Tween 20 for 1 hour. PVDF membranes were incubated with primary 
antisera selective for the α7 nAChR (Bioss Antibodies #bs-1049R, 
1:5000) in TBS/2% non-fat dry milk/0.05% Tween 20. After overnight 
incubation at 4◦C, blots were washed and incubated with IRDye 800 CW 
goat anti-rabbit 926–3211 secondary antibody (LICOR, 1:15,000) in 1% 
non-fat dry milk. PVDF membranes were then washed with TBS/0.05% 
Tween 20 and developed using LI-COR Odyssey system. Normalization 
for protein loading was performed using a mouse monoclonal primary 
antibody selective for actin (Sigma Chemical cat#A5441; 1:150,000 
dilution). α7 nAChR and actin bands were quantitated by densitometry 
using ImageJ (NIH). 

2.10. Statistical analysis 

Plasma measures for cholinesterase, leptin and CINC-3 were 
analyzed using a 2 × 2 analysis of variance (ANOVA) with 2 levels of 
drug treatment (vehicle, PB) and 2 levels of stress history (NSC, RRS). For 
in vivo microdialysis, data were assessed as a 2 × 2 × 16 and the addi-
tional factor of time. Comparison of basal levels of ACh prior to LPS 
administration was assessed by a 2 x 2 ANOVA. ACh efflux between 
early and delayed cohorts was assessed at each collection by unpaired t- 
test. Plasma and brain cytokines were analyzed using a 2 x 2 multivar-
iate analysis of variance (MANOVA) with twelve different cytokines as 
dependent variables: IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL- 
13, GM-CSF, TNF-α. Univariate ANOVAs were performed as follow-up. 
Expression of α7 nAChRs in tissue homogenates was assessed by a 2 x 
2 ANOVA. Statistical significance was set at α = 0.05. Following a sig-
nificant interaction, post-hoc follow-up analyses were analyzed with a 
Bonferroni correction. Bonferroni corrections were applied for every 
post-hoc, performed automatically with SPSS software as Bonferroni- 
corrected simple main effects analyses. Post-hoc tests assessed all 
levels of drug treatment within each level of stress, and all levels of stress 
within each level of drug treatment across each level of time (when 
applicable). 

3. Results 

3.1. Prior history of PB treatment enhances peripheral endocrine and 
immune responses 

At the completion of the 14-day GWI paradigm, plasma cholines-
terase activity exhibited the expected decrease in PB-treated rats, irre-
spective of stress conditions [F (1,36) = 125.6 (p < 0.0001] (Fig. 2, Panel 
A). In agreement with our previous observations, plasma cholinesterase 
activity was significantly elevated in PB-treated rats at the delayed 
timepoint, 90 days following completion of the GWI paradigm [F (1, 28) 
= 12.26, p = 0.002] (Fig. 2, Panel B) (Macht et al., 2018, 2019, 2020). 
Based on previous clinical studies (Johnson et al., 2016), we also 
measured plasma leptin levels in our 4 treatment groups. At the 
completion of the GWI paradigm (day 14), rats subjected to stress 
exhibited significant decreases in plasma leptin levels, irrespective of PB 
treatment [F (1,33) = 33.41, p < 0.0001] (Fig. 2, Panel C). Such ob-
servations are consistent with previous studies demonstrating that the 
more immediate effects of chronic stress include reductions in body 
weight, body adiposity and plasma leptin levels (Tamashiro et al., 
2007). Conversely, at the delayed timepoint (i.e., 90 days post treat-
ment), plasma leptin levels were significantly increased in PB-treated 

rats, irrespective of stress exposure [F (1,32) = 5.093, p = 0.031] 
(Fig. 2, Panel D). These results are consistent with clinical studies that 
reported that plasma leptin levels are elevated in veterans with GWI 
(Johnson et al., 2016). 

Our previous studies demonstrated that peripheral responses to an 
immune challenge, namely LPS administration (30 μg/kg), were dysre-
gulated in PB-treated rats compared to vehicle-treated rats at the early 
timepoint (day 24) (Macht et al., 2019). To assess the long-term effects 
of RRS and/or PB administration, we measured LPS-induced changes in 
plasma inflammatory markers in a delayed cohort of rats (cohort #3). In 
the delayed cohort, LPS-induced increases in TNF-α levels were signifi-
cantly greater in PB-treated rats compared to vehicle-treated rats on 
days 100–105 [F (1,25) = 5.221, p = 0.031] (Fig. 3, Panel A). In addi-
tion, LPS-induced increases in plasma levels of CINC-3 were significantly 
elevated in PB-treated rats compared to vehicle-treated rats [F (1,27) =
6.807, p = 0.015] (Fig. 3, Panel B). Collectively, these results illustrate 
that PB administration elicits long lasting impairments in the peripheral 
responses of the cholinergic anti-inflammatory pathway to a modest 
immune challenge. 

3.2. Prior history of PB treatment enhances LPS-induced release of 
acetylcholine: hippocampus 

To determine the long-lasting effects of PB and stress on the 
cholinergic anti-inflammatory pathway in the CNS, we examined the 

Fig. 2. Plasma measures of saline-treated early and delayed cohorts. A history 
of PB treatment suppresses plasma cholinesterase activity at the early timepoint 
(Panel A) but significantly increases plasma cholinesterase activity at the 
delayed timepoint (Panel B) compared to vehicle-treated groups. At the early 
timepoint, a history of repeated restraint stress (RRS) elicits significantly lower 
plasma leptin levels compared to non-stressed controls (NSC; Panel C). At the 
delayed timepoint, a history of PB treatment significantly increases plasma 
leptin levels compared to vehicle-treated groups (Panel D). All data are 
expressed as mean percent change from vehicle non-stressed controls + SEM, n 
= 8–10. [*: Significant effect of PB, p < 0.05. #: Significant effect of RRS, p 
< 0.001]. 
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effects of LPS administration on ACh release in the hippocampus of 
Vehicle-NSC rats, PB-NSC rats, Vehicle-RRS rats, and PB-RRS rats by in 
vivo microdialysis. While basal levels of ACh were not affected by a prior 
history of PB or stress (Fig. 4 inset), prior exposure to PB and RRS 
interacted over time to significantly influence the cholinergic response 
to LPS in the hippocampus (Fig. 4) [F (15, 390) = 1.744, p = 0.041]. 
Bonferroni corrected post-hoc follow-up measures indicated that in 
Vehicle-NSC rats, LPS produced a latent increase in ACh relative to 
baseline measures which emerged at timepoint 12 (p = 0.003). Prior 
exposure to RRS in vehicle-treated rats suppressed this cholinergic 
response to LPS at collection 12 (p = 0.021) but then conversely 
increased ACh levels at collection 15 relative to Vehicle-NSC rats (p =
0.039). This suggests that prior stress exposure delays the reaction of the 
cholinergic system to innate immune challenges. Similarly, in NSC rats, 
prior exposure to PB suppressed the cholinergic response to LPS at 
collection 12 (p = 0.035), suggesting that a history of PB treatment 
impairs the cholinergic response to a later innate immune challenge. 
Interestingly, within the PB-treated cohorts, rats which had a prior 
exposure to RRS had a trend for an exaggerated cholinergic response to 
LPS versus PB-NSC counterparts (p = 0.078, 0.069, and 0.051 at col-
lections 12, 13, and 16, respectively). These effects replicate previous 
findings (Macht et al., 2019) that PB and stress interact to differentially 
disrupt the latent cholinergic response to LPS in the hippocampus. 

Comparison of the effects of the LPS challenge in the early versus 
delayed cohorts could provide important insight into the progressive 
nature of the neurological deficits that are characteristic of GWI. The 
cholinergic response of the delayed cohort to LPS was compared to our 
previous neurochemical findings in an early cohort (Macht et al., 2019). 
These comparisons revealed that Vehicle-NSC rats (Fig. 5, Panel A) and 
Vehicle-RRS rats (Fig. 5, Panel B) exhibited strikingly similar increases 
in hippocampal ACh levels at the early and delayed timepoints. 
Conversely, delayed cohort PB-treated rats exhibited potentiated in-
creases in ACh levels compared to early cohort PB-treated rats. For 
example, delayed cohort PB-NSC rats exhibited statistically significant 
increases in ACh levels at collection 8 (approximately 60 minutes 
following LPS administration; p = 0.014) compared to the PB-NSC rats in 
the early cohort (Fig. 5, Panel C). Similarly, delayed cohort PB-RRS rats 
exhibited significant increases in hippocampal ACh levels following LPS 
administration at collections 9, 11, and 13 (p = 0.046, 0.006, 0.0004, 
respectively) compared to early cohort PB-RRS rats (Fig. 5, Panel D). 
Such results illustrate that an enhanced cholinergic response to an im-
mune challenge is a long-lasting consequence of PB exposure in the rat 
hippocampus. 

3.3. Prior history of PB treatment alters LPS-induced release of 
acetylcholine: prefrontal cortex 

In the same cohort from the delayed timepoint (cohort #1), we also 
examined the effects of LPS administration on cholinergic neurochem-
istry in the PFC. Interestingly, unlike observations in the hippocampus, 
there was a significant cross-over effect of PB and stress in the PFC, in 
which PB-RRS rats exhibited increased basal ACh levels compared to 
Vehicle-RRS rats and PB-NSC rats (Fig. 6 inset) [F (1, 96) = 4.159, p =
0.044]. Additionally, prior exposure to PB and RRS interacted over time 
to significantly influence the cholinergic response to LPS in the PFC [F 
(15, 345) = 1.72, p = 0.046]. Bonferroni post-hoc follow-up measures 
indicated that in Vehicle-NSC rats, LPS increased ACh levels at collec-
tions 5, 12, 13, relative to baseline (p = 0.001, 0.04, and 0.03, respec-
tively; Fig. 6). There was no effect of prior stress history on ACh levels in 
response to an LPS challenge relative to NSC rats at any timepoint. In 
contrast, prior exposure to PB attenuated the levels of ACh at collection 
12 within NSC-rats, indicating that PB alone inhibits the cholinergic 
response to an innate immune challenge (p = 0.01). A prior stress history 
selectively increased ACh levels within PB-treated rats at collections 5, 
7, 9, 12, 13, and 16 (p = 0.004, 0.032, 0.013, 0.008, 0.012, and 0.001, 
respectively). PB-RRS rats exhibited a significantly greater cholinergic 
response to LPS than Vehicle-RRS rats at collection 16 (p = 0.02), with a 
trend for an exaggerated cholinergic response to LPS at collections 7, 9, 
and 13 (p = 0.082, 0.062, and 0.056, respectively). 

We also compared LPS-induced changes in cholinergic neurochem-
istry in the PFC between the early and delayed cohorts. Similar to ob-
servations in the hippocampus, LPS-induced changes in ACh levels did 
not differ in Vehicle-NSC rats (Fig. 7, Panel A) or Vehicle-RRS rats 
(Fig. 7, Panel B) in the early cohorts compared to the delayed cohorts. In 
PB-NSC rats, LPS-induced increases in ACh levels were blunted in the 
delayed cohort compared to the early cohort at collection 5 (the first 
collection after LPS administration) and at collection 15 (p = 0.011, 
0.024, respectively; Fig. 7, Panel C). Interestingly, RRS dramatically 
altered the responses of PB-treated rats in that the delayed cohort 
exhibited much more robust increases in ACh release in response to the 
LPS immune challenge compared to the early cohort. These enhanced 
responses were statistically significant at collections 6, 7, 9, 12 and 14 (p 
= 0.035, 0.001, 0.037, 0.016, 0.025, respectively; Fig. 7, Panel D). 

3.4. A prior history of PB treatment elicits potentiated cholinergic 
responses to an LPS challenge: hippocampus 

Similar to basal plasma cytokine levels at the early timepoint, neither 
a history of PB treatment nor stress elicited significant changes in hip-
pocampal cytokines in saline-treated rats at the early timepoint (cohort 
#2), see Supplementary Table 1. When hippocampal cytokines of LPS- 
treated rats were compared to saline-treated rats in each respective 
group, PB treatment suppressed the IL-1α response to LPS [F (1, 31) =
5.203, p = 0.030] (Fig. 8, Panel A) compared to vehicle-treated rats. 
Conversely, PB treatment enhanced the IL-1β response to LPS [F (1, 29) 
= 8.240, p = 0.008] within stressed rats (Fig. 8, Panel C). 

At the delayed timepoint (cohort #3), a history of stress led to 
decreased hippocampal levels of IL-1β: [F (1, 25) = 8.355, p = 0.008]; IL- 
5 [F (1, 21) = 16.97, p = 0.001]; IL-6 [F (1, 25) = 15.08, p = 0.001]; and 
TNF-α [F (1, 25) = 9.868, p = 0.004] following saline administration 
relative to non-stressed controls, see Supplementary Table 1. When 
hippocampal cytokines of LPS-treated rats were compared to saline- 
treated rats in each respective group, a history of PB treatment signifi-
cantly enhanced IL-1β: [F (1, 26) = 10.24, p = 0.004] (Fig. 8, Panel D), 
IL-12: [F (1, 28) = 5.270, p = 0.029] (Fig. 8, Panel F) and GM-CSF: [F (1, 
26) = 10.82, p = 0.003] (Fig. 8, Panel H) responses to LPS compared to 
vehicle-treated rats, increases that were not observed at the early 
timepoint (Fig. 8, Panels C, E and G). 

Fig. 3. LPS-induced inflammatory markers in plasma of delayed cohort. Panel 
A: A history of PB treatment elicits an increase in plasma TNF-α levels in 
response to LPS compared to vehicle-treated groups in the delayed cohort. 
Panel B: A history of PB treatment elicits an increase in plasma CINC-3 levels in 
response to LPS compared to vehicle-treated groups in the delayed cohort. Data 
in Panel A are expressed as mean percent change from saline treated controls 
from each respective group + SEM, n = 7–9. Data in Panel B are expressed as 
mean percent change from LPS-treated, vehicle non-stressed controls (NSC) +
SEM as CINC-3 was not detected in saline treated animals, n = 6–8. [*: Sig-
nificant effect of PB, p < 0.05]. 
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3.5. A prior history of PB treatment alters cholinergic responses to an LPS 
challenge: prefrontal cortex 

We also assessed the early and delayed effects of PB and RRS on the 
central cholinergic anti-inflammatory pathway in PFC micropunches 
collected from cohorts #2 and #3. At the early timepoint, there were no 
significant differences in PFC cytokine levels following saline adminis-
tration between any group; see Supplementary Table 2. Comparing PFC 
cytokines of LPS-treated rats with saline-treated rats from each respec-
tive group determined that PB treatment significantly suppresses the IL- 
1β response to LPS relative to vehicle-treated rats at the early timepoint 
[F (1, 31) = 4.751, p = 0.037] (Fig. 9, Panel A). 

Similar to the early timepoint, saline administration did not elicit any 
differences in PFC cytokine levels between any group at the delayed 
timepoint; see Supplementary Table 2. We next examined PFC cytokines 
of LPS-treated rats compared to saline-treated rats from each respective 
group. Similar to observations in the hippocampus in which PB treat-
ment did not affect the IL-12 or GM-CSF response to LPS at the early 
timepoint (Fig. 9, Panels C and E), a history of PB treatment significantly 
enhanced IL-12 [F (1, 25) = 5.324, p = 0.030] (Fig. 9, Panel D) and GM- 
CSF [F(1, 25) = 9.514, p = 0.004] (Fig. 9, Panel F) responses to LPS 
relative to vehicle-treated rats at the delayed timepoint. However, the 
IL-1β response to LPS in the PFC was not affected by PB or stress at the 
delayed timepoint (Fig. 9, Panel B). 

3.6. PB and stress do not affect α7 nAChR expression in hippocampus or 
prefrontal cortex 

Since previous studies have identified the α7 subunit of the nAChR as 
an important component of the cholinergic anti-inflammatory pathway 
in the periphery and CNS, western blot analysis was performed for α7 
nAChR expression in total membrane fractions isolated from the hip-
pocampus and PFC of our four treatment groups. The α7 subunit was 
identified as a single band at the expected molecular weight of 55 kDa in 
total membrane fractions isolated from PFC and hippocampus (Fig. 10). 
Fluorescence intensity analysis revealed that PB treatment elicited a 

non-significant decrease in α7 levels in the hippocampus of the early 
cohort compared to vehicle-treated rats (p = 0.053; Fig. 10, Panel A). 
However, α7 expression did not differ between groups in the hippo-
campus at the delayed timepoint (Fig. 10, Panel B) or the PFC at the 
early (Fig. 10, Panel C) or delayed (Fig. 10, Panel D) timepoints. 

4. Discussion 

The clinical and preclinical literature support the concept that dys-
regulation of immune function is a key component of the neurological 
complications of GWI (Broderick et al., 2013; Johnson et al., 2016; 
Macht and Reagan, 2018; Macht et al., 2019). However, the mechanistic 
basis for the neurological complications, as well as the basis for the 
progressive nature of GWI neuropathology, are unknown. Central and 
peripheral cholinergic systems provide critical anti-inflammatory feed-
back to regulate immune responsivity to challenges (Hoover, 2017). 
However, results from the current study indicate that PB disrupts the 
central and peripheral cholinergic systems over time, as evidenced by 
greater peripheral cholinesterase activity and exaggerated cholinergic 
responses to an innate immune challenge within the PFC and hippo-
campus. Coupled with exaggerated peripheral and central cytokine re-
sponses to this same innate immune challenge, these findings suggest 
that PB disrupts the efficacy of cholinergic anti-inflammatory feedback. 
As the cholinergic response to LPS in the CNS becomes progressively 
more exaggerated over time, these findings provide mechanistic insight 
into the role of ACh and neuroinflammation as major components of the 
progressive nature of GWI pathophysiology. For example, in response to 
a peripheral injection of a modest dose of LPS (30 μg/kg), PB-treated rats 
exhibit potentiated increases in plasma TNF-α and CINC-3, illustrating a 
sensitized response to an immune challenge nearly 4 months after PB 
administration. These results demonstrate that PB administration elicits 
long-lasting impairments in the activity of the peripheral cholinergic 
anti-inflammatory pathway in response to an immune challenge, which 
is consistent with the immune dysregulation observed in veterans with 
GWI. 

Beyond these peripheral observations, our study also provides 

Fig. 4. Hippocampal cholinergic response to 
LPS of delayed cohort. Prior to LPS admin-
istration, there was no effect of a history of 
PB treatment or repeated restraint stress 
(RRS) on basal ACh levels in the hippocam-
pus (inset). A history of RRS in vehicle- 
treated rats suppressed the cholinergic 
response to LPS at collection 12, but then 
increased this response at collection 15 
compared to vehicle non-stressed controls 
(NSC). A history of PB treatment suppresses 
the cholinergic response to LPS at collection 
12 compared to Vehicle-NSC rats. Unlike PB- 
NSC rats, the combination of PB and stress 
exaggerated the cholinergic response to LPS 
at collections 12, 13 and 16, although these 
increases did not achieve statistical signifi-
cance. All data are expressed as mean + SEM, 
n = 6–9. [*: Significant effect of PB in NSC 
rats, p < 0.05. #: Significant effect of RRS in 
vehicle-treated rats, p < 0.05].   
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insight into how impairments in the brain cholinergic anti-inflammatory 
pathway contributes to the progressive neurological complications of 
GWI. For example, while LPS-induced increases in hippocampal and PFC 
ACh levels were similar in vehicle-treated rats irrespective of stress 
conditions, PB-treated rats from the delayed cohorts exhibit potentiated 
responses to LPS administration compared to the early PB-treated co-
horts. Such observations would predict that the cholinergic response of 
the anti-inflammatory pathway is sensitized long after the administra-
tion of PB and as such PB-treated rats should exhibit reductions in 
neuroinflammation following LPS administration. However contrary to 
this prediction, delayed cohort PB-treated rats exhibit exacerbated in-
creases in neuroinflammation in the hippocampus and PFC compared to 
early cohort PB-treated rats. For example, PB-treated rats exhibit 
potentiated increases in the pro-inflammatory cytokines IL-1β, IL-12 and 
GM-CSF compared to vehicle-treated rats. The GM-CSF findings are 
particularly interesting as intrahippocampal administration of this 
cytokine elicits behavioral deficits and activation of microglia in the rat 
hippocampus (Zhu et al., 2014). Similarly, GM-CSF induces microglia 
proliferation and the combination of GM-CSF and LPS induces neuro-
inflammation and increases in oxidative stress in hippocampal organo-
typic cultures (Dikmen et al., 2020). These results suggest that microglia 
activation and potentiated neuroinflammatory responses may represent 
an enduring consequence of PB administration, which provides a po-
tential mechanism for the progressive neurological deficits associated 
with GWI. 

The increases in plasma leptin levels in PB-treated rats at the delayed 
timepoint are also interesting because: 1) elevations in plasma leptin 

likely reflects leptin resistance in the CNS (Levin and Dunn-Meynell, 
2002); and 2) increases in plasma leptin levels are also observed in 
veterans with GWI (Johnson et al., 2016). Leptin receptors are members 
of the type 1 cytokine receptor family and as such activate intracellular 
signaling cascades similar to those of many pro-inflammatory cytokines, 
including the JAK-STAT pathway. While the neuroplasticity deficits 
associated with leptin resistance are normally discussed in the context of 
obesity, insulin resistance and type 2 diabetes (Erichsen et al., 2022), it 
is interesting to note that neuroplasticity deficits are a shared compli-
cation of metabolic disorders and GWI. In this manner, some combina-
tion of neuroinflammation and central leptin resistance may be 
contributing to the cognitive deficits observed in GWI veterans. As such, 
evaluation of CNS leptin signaling/leptin resistance represents an 
interesting and important future direction for our studies. 

4.1. Role of cholinergic anti-inflammatory circuit in GWI 

Through activation of the vagus nerve, the cholinergic anti- 
inflammatory pathway is proposed to reduce pro-inflammatory cyto-
kine expression and release [for review see (Hoover, 2017)]. This circuit 
is known to modulate neurobehavioral responses during an immune 
threat (Rosas-Ballina et al., 2011; Olofsson et al., 2012). Indeed, the 
release of brain cytokines leads to sickness behavior, including deficits 
in cognitive and motor function and many of these symptoms parallel 
GWI. Importantly, veterans suffering from GWI are reported to exhibit a 
blunted vagal component of the autonomic nervous system (Haley et al., 
2004, 2013). Beyond autonomic function, exaggerated responses to 

Fig. 5. Comparison of the hippocampal cholinergic response to LPS in early and delayed cohorts. There were no significant differences in the cholinergic response to 
LPS between early and delayed cohorts of vehicle-treated non-stressed controls (Vehicle-NSC; Panel A) or vehicle-treated rats subjected to repeated restraint stress 
(Vehicle-RRS; Panel B). Panel C: In rats with a history of PB treatment, the cholinergic response to LPS was significantly higher in the delayed cohort at collection 8 
compared to the PB-NSC early cohort. Panel D: In rats with a history of PB treatment and RRS, the cholinergic response to LPS was significantly higher in the delayed 
cohort at collections, 9, 11 and 13 compared to the PB-RRS early cohort. All data are expressed as mean + SEM, n = 6–10. [*: Significant difference between early and 
delayed cohorts, p < 0.05]. 
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immune challenges in aging have been associated with neurodegener-
ative diseases such as Alzheimer’s disease and severe detriments in 
cognitive functions after infection or stress (Buchanan et al., 2008; 
Sparkman and Johnson, 2008). Such observations are also relevant to 
GWI since one of the more insidious aspects of GWI is that it is a chronic 
disorder with progressive cognitive impairments. Indeed, the number of 
GW veterans diagnosed with GWI continues to rise in the 
post-deployment period (Blanchard et al., 2006; Kang et al., 2009; Li 
et al., 2011; Dursa et al., 2016). Several additional key clinical obser-
vations provide insight into the potential mechanisms that contribute to 
GWI pathology. Specifically, GWI veterans exhibit exaggerated immune 
responses to physiological stressors [e.g., exercise (Whistler et al., 2009; 
Broderick et al., 2011, 2013), which when combined with other studies 
[see (James et al., 2016, 2017; Georgopoulos et al., 2017) support the 
concept that neuroinflammation is a key component in the etiology and 
progression of GWI pathology. While these clinical studies are sup-
portive of a role for neuroinflammation in GWI, preclinical studies have 
not examined the consequences of immune stressors in animal models of 
GWI. Indeed, examination of these dysregulated responses to immune 
challenges post PB treatment may provide a mechanistic basis for the 
increasing rates of GWI in the post-deployment period. In this regard, we 
have previously described how the relationships between stress, im-
mune responses and neurochemistry shift across development in the PFC 
(Macht and Reagan, 2018). During this aging transition, stress has a 
heightened impact on immune function, which could further exacerbate 
the degeneration of cholinergic processes. While we consider our 
delayed cohorts young adult rats (approximately 6 months old), we 
recognize that performing studies in older rats (middle-aged and aged) 
represents an interesting and important future direction for our studies 
as GW veterans continue to age. In addition, we understand that the 
cholinergic alterations reported in these studies may differ in female 
rats, especially in the RRS groups as sex differences in stress reactivity 
and responses are well established (Galea et al., 1997). Expanding our 
GWI paradigm to include female rats is another interesting and impor-
tant direction of these studies. 

As α7 nAChRs expressed on microglia and astrocytes are proposed to 

be critical regulators of the cholinergic anti-inflammatory pathway (Wu 
et al., 2021), we predicted that α7 nAChR levels would be reduced in 
PB-treated rats at the delayed timepoint. Such observations would be 
consistent with the inability of elevated ACh levels to suppress 
LPS-induced elevations of pro-inflammatory cytokines in the hippo-
campus and PFC of PB-treated rats at the delayed timepoint. However, 
we did not observe statistically significant changes in α7 expression 
levels in the hippocampus or PFC in any of our treatment groups at 
either the early or delayed timepoints. Alternatively, a long-lasting 
consequence of PB treatment may include pharmacodynamic or func-
tional changes in α7 receptors. For example, previous studies have re-
ported that PB has weak agonist activity at nAChRs and elicits 
desensitization of nAChRs (Pascuzzo et al., 1984). As this study exam-
ined the effects of PB at the neuromuscular junction, an important future 
direction would be to examine the short term and long-lasting effects of 
PB administration on the electrophysiological properties of α7 nAChRs 
in the hippocampus and PFC of PB-treated rats. 

4.2. Potential consequences in the disruption of the central cholinergic 
anti-inflammatory pathway: cognitive deficits 

Animal models highlight the importance of examining the delayed 
consequences of exposure to GWI-related chemicals in combination with 
stress. In this regard, deficits in water maze performance were seen more 
than 52 days after a PB + stress paradigm, suggesting long-term 
dysfunction in learning processes (Lamproglou et al., 2009). Other in-
vestigators have reported similar observations in the water maze (Par-
ihar et al., 2013) and in other learning and memory tasks (Hattiangady 
et al., 2014). However, other studies that have examined long-term 
behavioral changes in GWI animals have reported no deficits in these 
same learning and memory tasks (Abdullah et al., 2012; Parihar et al., 
2013). Additionally, a recent study from our group did not detect dif-
ferences in contextual fear conditioning 3 months post PB + stress 
treatment (Macht et al., 2018). Other studies reported behavioral defi-
cits in the water maze and the Barnes maze approximately 4 months post 
treatment (Abdullah et al., 2011; Zakirova et al., 2015b) but these same 

Fig. 6. PFC cholinergic response to LPS of 
delayed cohort. Prior to LPS administration, 
there was a significant cross-over effect of 
PB and repeated restraint stress (RRS) on 
basal ACh levels in the PFC (inset). Rats with 
a history of PB treatment exhibited an 
attenuated cholinergic response to LPS at 
collection 12 compared to vehicle non- 
stressed controls (Vehicle-NSC). In rats 
with a history of PB and RRS, the cholinergic 
response to LPS was significantly greater at 
collections 5, 7, 9, 12, 13 and 16 than PB- 
NSC rats. Rats with a history of PB and 
RRS also exhibited exaggerated cholinergic 
responses to LPS compared to Vehicle-RRS 
rats with a significant increase at collection 
16 and non-significant increases at collec-
tions 7, 9 and 13. All data are expressed as 
mean + SEM, n = 6–8. [*: Significant effect 
of PB in NSC rats, p < 0.05. $: Significant 
effect of RRS in PB-treated rats, p < 0.05. &: 
Significant effect of PB treatment in rats with 
a history of RRS, p < 0.05. %: Significant 
cross-over effect of PB and RRS, p < 0.05].   
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investigators reported that behavioral performance in these same tests 
was unaffected in GWI mice compared to control mice 13 months after 
treatment (Zakirova et al., 2015a). The take home message from these 
studies is that the delayed effects of exposure to GWI-related chemicals 
with or without stress in rodent models has yielded equivocal results in a 
variety of learning and memory tasks that are considered to be 
hippocampal-dependent or PFC-dependent. When placed in the context 
of the current findings, one possible explanation for these disparate re-
sults is that behavioral impairments may be more consistently observed 
only under conditions in which GWI rodents experience an immune 
challenge prior to the learning and memory tasks, an approach that may 
be highly relevant to veterans with GWI. It is also interesting to specu-
late that repeated normal life exposures to bacteria or viruses may elicit 
exacerbated CNS immune responses in individuals with impairments in 
the cholinergic anti-inflammatory pathway and that the cumulative ef-
fects of these intensified neuroinflammatory responses leads to accel-
erated neuroplasticity deficits. 

In summary, the results of the current study suggest that impair-
ments in the activity of the cholinergic anti-inflammatory pathway may 
be responsible for exacerbated inflammatory responses observed in the 
hippocampus and PFC of PB-treated rats and suggest that neuro-
inflammation is a mechanistic mediator of the progressive neurological 
deficits observed in veterans with GWI. From a broader perspective, these 
results support the concept that dysregulation of the cholinergic anti- 
inflammatory pathway is a contributing factor in the neuro-
inflammatory mechanisms responsible for neuroplasticity deficits 
observed in metabolic disorders (Grillo et al., 2019), neuropsychiatric 
disorders (Hersey et al., 2021) and aging (Macht and Reagan, 2018). 

4.3. Context and broader perspectives: reflections on the influence of Dr. 
Bruce S. McEwen 

The design, data and interpretation of the current findings reflects 
the seismic influence of Dr. Bruce McEwen on our science. As aspiring 
postdoctoral fellows (GGP, CAG and LPR), we joined the Margaret and 
Milliken Hatch Laboratory of Neuroendocrinology to work with the 
world’s leader in the field of stress neurobiology. Beyond learning how 
to make 10x SSC for our hybridization reactions, we now have a much 
greater appreciation of how Bruce influenced the maturation and evo-
lution of our science. We appreciate how to integrate our findings from 
the bench to the context of the clinical setting and more broadly to the 
societal outlook. Bruce always took the “30,000-foot view” and he hel-
ped us to recognize the importance of the “Big Picture Perspective” and 
context of our results. Such a mindset emphasizes the critical importance 
of integrating analyses from the molecular and synaptic level to the 
connections of individual brain regions to the rest of the CNS (i.e., 
neuronal circuitry) to the cross-talk between the periphery and brain 
and ultimately to how this integration affects the overall health of an 
individual. This mindset is reflected in our studies that have examined 
the importance of recognizing the bidirectional relationship of 
peripheral-CNS interactions, as well as how stress effects are exacer-
bated in the presence of pre-existing imbalances in homeostasis, namely 
the concept of allostatic load (McEwen and Stellar, 1993). In a seminal 
publication with Eliot Stellar, Bruce expanded the concept of allostasis 
coined by Sterling and Eyer to integrate the impact of stress upon the 
individual. This landmark publication further highlights Bruce’s 
approach to science: an encyclopedic memory of all the literature 

Fig. 7. Comparison of the PFC cholinergic response to LPS in early and delayed cohorts. There were no significant differences in the cholinergic response to LPS 
between early and delayed cohorts of vehicle-treated non-stressed controls (Vehicle-NSC; Panel A) or vehicle-treated rats subjected to repeated restraint stress 
(Vehicle-RRS; Panel B). Panel C: In rats with a history of PB treatment, the cholinergic response to LPS was significantly lower in the delayed cohort at collection 5 
and 15 compared to the PB-NSC early cohort. Panel D: In rats with a history of PB treatment and RRS, the cholinergic response to LPS was significantly higher in the 
delayed cohort at collections 6, 7, 9, 12 and 14 compared to the PB-RRS early cohort. All data are expressed as mean + SEM, n = 6–10. [*: Significant difference 
between early and delayed cohorts, p < 0.05]. 
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(remember those cabinets in the office filled with thousands of reprints?) 
and through promoting the work of colleagues. In this way, Bruce did 
not view science as competition, but rather as an opportunity for 
collaboration. Indeed, appreciation of the contribution of colleagues to 
the literature, integration of studies, consolidation of views from nucleic 
acids to whole body physiology to population-based analyses that pro-
mote opportunities for collaboration were the qualities that made Bruce 
a great scientist and he instilled the importance of taking these ap-
proaches in our work. 

But Bruce’s influence on us was far greater from a personal 
perspective. Bruce welcomed us into the family of “McEwenites” with 
open arms and a generous heart without pretense. We all can vividly 
remember the context of our first “Big Mac Attack” and the gentle way 
he influenced our science and our life decisions. We were always excited 
to introduce our trainees to their scientific grandfather, and our lives 
were constantly enriched by his continued support and enthusiasm for 
our successes long after we left 1230 York Avenue. He truly was our 

adopted father and we miss him every day. Even with his passing, Bruce 
continues to influence our science and our lives and we honor his legacy 
by passing down these values and virtues to his grandchildren. 
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