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Abstract

A growing body of evidence indicates that prenatal alcohol exposure (PAE) may predispose 

individuals to secondary medical disabilities later in life. Animal models of PAE reveal 

neuroimmune sequelae such as elevated brain astrocyte and microglial activation with 

corresponding region-specific changes in immune signaling molecules such as cytokines and 

chemokines. The aim of this study was to evaluate the effects of moderate PAE on the 

development and maintenance of allodynia induced by chronic constriction injury (CCI) of the 

sciatic nerve in adult male rat offspring. Because CCI allodynia requires the actions of glial 

cytokines, we analyzed lumbar spinal cord glial and immune cell surface markers indicative of 

their activated levels, as well as sciatic nerve and dorsal root ganglia (DRG) cytokines in PAE 

offspring in adulthood. While PAE did not alter basal sensory thresholds before or after sham 

manipulations, PAE significantly potentiated adult onset and maintenance of allodynia. 

Microscopic analysis revealed exaggerated astrocyte and microglial activation, while flow 

cytometry data demonstrated increased proportions of immune cells with cell surface major 

histocompatibility complex II (MHCII) and β-integrin adhesion molecules, which are indicative of 

PAE-induced immune cell activation. Sciatic nerves from CCI rats revealed that PAE potentiated 

the proinflammatory cytokines interleukin (IL)-1β, IL-6 and tumor necrosis factor-alpha (TNFα) 

protein levels with a simultaneous robust suppression of the anti-inflammatory cytokine, IL-10. A 
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profound reduction in IL-10 expression in the DRG of PAE neuropathic rats was also observed. 

Taken together, our results provide novel insights into the vulnerability that PAE produces for 

adult-onset central nervous system (CNS) pathological conditions from peripheral nerve injury.
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1. Introduction

Fetal alcohol spectrum disorder (FASD) encompasses a continuum of disabilities that 

includes a range of cognitive and behavioral deficits [53]. Impairments in neurogenesis, 

motor and memory performance and neurotransmitter activity in various brain regions are 

consistently observed in studies using animal models of moderate PAE where peak maternal 

serum alcohol concentrations in the range of ≤0.02 – 0.17 g/dl are achieved. Despite the US 

legal intoxication limit while operating vehicles is 0.08g/dl blood alcohol concentration (for 

review, [104]), lower blood alcohol concentration levels may still impair cognitive and 

behavioral performance in adults [13,35,36,84]. In rat and rhesus monkey, moderate PAE 

models that utilize a voluntary drinking paradigm impair performance on hippocampal-, 

cerebellar-, and cortical-dependent behavioral tasks [2,5,15,20,43,83,86]. Curiously, PAE in 

rhesus monkeys reveal significant hypersensitivity to light touch [85,87], suggesting 

impairment of sensory relays in the spinal cord from incoming peripheral nerve fibers.

Evidence is accumulating that PAE significantly impacts CNS immune function. Several 

studies demonstrate PAE primes glial cell reactivity in the brain. Elevated proinflammatory 

chemokine and cytokine levels in PAE rats are observed in different brain regions for weeks 

to several months after birth [3,12,27,100,102,103]. Recent studies indicate that PAE may 

alter the immune response to subsequent brain injury in adulthood. For example, following a 

brain stab wound, macrophages, microvascular endothelial cells and microglia are markedly 

activated in PAE rats [27]. Clinically, less is known about the impact of PAE on adult CNS 

immune function. However, one study reported elevated circulating proinflammatory 

cytokines in PAE neonates [1] and clinicians have long observed that children with 

developmental disabilities display tactile hypersensitivity [9,34]. While speculative, tactile 

hypersensitivity may extend to individuals with FASD.

In animal models of peripheral neuropathy, such as unilateral chronic constriction injury 

(CCI) of the rodent sciatic nerve [11], low threshold tactile hypersensitivity, also called 

allodynia (for review see [42,65,88]), is reliably observed [11,21,49]. In the CCI model, 

spinal astrocyte- and microglial-derived IL-1β and TNFα are well-characterized to excite 

nearby pain projection neurons [65]. In addition, the central projections of damaged sciatic 

nerves release CCL2 (C-C motif chemokine ligand 2 or macrophage chemotactic protein -1; 

MCP-1) [38], which further excites spinal glia and pain projection neurons. Evidence also 

supports the contribution of infiltrating leukocytes (i.e. monocytes/macrophages and CD4+ T 

cells) to allodynia in response to spinal CCL2-CCR2 signaling [17,22,97]. The adhesion 
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molecules, lymphocyte function-associated antigen 1 (LFA-1), macrophage-1 antigen 

(Mac-1) and very late antigen-4/VLa4) [29,75], as well as MHCII facilitate immune cell 

trafficking, proliferation and differentiation (for review [112]). Damaged sciatic nerve axons 

from CCI induce peri-sciatic expression of IL-1β, IL-6 and TNFα and chemokines from 

accumulating immune cells [71,72,78,79,88,99], which can generate compensatory anti-

inflammatory interleukin-10 (IL-10) [54,88] cytokine increases.

Given the existing evidence supporting the negative impact of immune-mediated conditions 

underlying peripheral nervous system (PNS) and/or CNS pathology observed from both PAE 

[53] and from chronic peripheral neuropathic pain [65], we examined whether moderate 

PAE potentiated allodynia and corresponding spinal glial and immune cell β-integrin and 

MHCII expression following peripheral nerve CCI in a rat model. Further, the corresponding 

sciatic nerve and DRG, anatomically-relevant nociceptive regions, were examined for pro- 

and anti-inflammatory cytokines levels.

2. Materials and Methods

All procedures involving the use of live animals were approved by the University of New 

Mexico Health Sciences Center Institutional Animal Care and Use Committee and closely 

adhered to the guidelines from the International Association for the Study of Pain.

2.1. Study Group Strategy

Three independent experiments were conducted for behavioral assessment of hindpaw 

sensitivity followed by tissue collection as detailed here. Squad 1 was behaviorally assessed 

followed by experimental termination at Day 10 (N=6 rats/group) after surgical 

manipulation. The spinal cord enclosed within the vertebral column was collected from each 

rat for subsequent immunohistochemical (IHC) processing using decalcification and 

paraffin-embedding procedures as detailed below (2.4 Tissue preparation and 

immunohistochemistry). Due to prolonged decalcification processing, compromised tissue 

integrity occurred in some spinal cords resulting in reduced spinal cord samples per 

experimental condition (see Results, section 3.3). Prior work examining immunoreactive 

markers for spinal cord astrocytes and microglia following decalcification and paraffin-

embedding procedures demonstrated N=3 spinal cords per experimental condition was 

sufficient to yield reliable group differences [110,111] and power analysis of the data 

obtained in this study confirmed that similar future studies would carry approximately 

85.4% power. Squad 2 was conducted to (a) replicate behavioral hindpaw responses 

observed in the initial study described above, and (b) determine whether non-decalcified and 

non-paraffin-embedded tissue processing methods (detailed in 2.4 Tissue preparation and 

immunohistochemistry) yielded similar microglial and astrocyte immunoreactivity as 

observed in squad 1. For squad 2, N=4 rats were used in each experimental condition with 

hind paw behavioral assessment occurring until Day 10 followed by spinal cord dissection 

and cryosectioning. The data from behavioral hindpaw responses from squads 1 and 2 were 

combined resulting in N=10 rats per experimental condition. A third group (squad 3) 

examined hindpaw response thresholds that extended beyond Day 10 post-surgery to 

determine whether potentiated allodynia persisted. On Day 28 after sham or CCI surgery and 
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following behavioral assessment, peripheral tissues and spinal cords were examined to 

characterize immune related cell surface markers and cytokine expression profiles. While 

squad 3 initially consisted of N=6 rats per experimental condition for a total of 24 animals, 

attrition (N=3 total) occurred reducing the number of animals in some experimental groups 

(see Results, section 3.4). Upon observing autotomy (self-mutilation of the ipsilateral 

hindpaw toes), rats are immediately withdrawn from the study and euthanized (N=3 total 

observed in squad 3). Thus, the representative rat numbers for squad 3 were saccharin sham 

N=5, saccharin CCI N=5, PAE sham N=6, and PAE CCI N=4. Tissues from all rats from 

squad 3, were used for flow cytometric analysis of discrete immune markers, which in some 

cases were limited by their availability for rat-specific antibodies conjugated to appropriate 

fluorophores for flow cytometric detection.

2.2. Prenatal Alcohol Exposure Paradigm

Long-Evans rats (Harlan Industries, Indianapolis, IN, USA) housed at 22 °C on a reverse 12-

hour dark/12-hour light schedule (lights on from 2100 to 0900 hours) and provided Harlan 

Tekland rodent chow and tap water ad libitum. After one-week of acclimation to the animal 

facility, three- to four-month old rat Harlan breeders were exposed to a voluntary drinking 

paradigm as detailed previously by Savage et al. [83]. Briefly, all female breeders were 

single-housed and provided 0.066% (w/v) saccharin (Sac) in tap water for 4 hours each day 

from 1000 to 1400 hours. On Days 1–2, the Sac water contained 0% ethanol, and on Days 

3–4, 2.5% (v/v) ethanol. On Day 5 and thereafter, Sac water contained 5% ethanol (v/v), and 

daily 4 hr consumption was determined for approximately 2 weeks for each female breeder. 

Females whose mean daily ethanol consumption was greater than one standard deviation 

above or below the group mean (~12–15% of the entire group) were removed from the 

study. The remaining females were then assigned to either a Sac control (0% ethanol) or 5% 

ethanol (v/v) drinking group such that the mean ethanol consumption prior to pregnancy was 

similar between the two groups. Females were then placed with male breeders until 

pregnant, as indicated by the presence of a vaginal plug. The average days females became 

pregnant was 2.3 days.

Beginning on Gestational Day 1, rat dams were provided Sac water containing either 0% or 

5% ethanol for four hours each day from 1000 to 1400 hours, with rodent chow and tap 

water provided at all times. The volume of Sac water provided to the control group was 

matched to the mean volume of Sac water consumed by the ethanol group. Daily four-hour 

ethanol consumption was recorded for each dam. At birth, litters were culled to ten pups 

each. Offspring were weaned at 24 days of age. Male offspring (2 taken from each litter 

producing 4–5 males/litter) from each prenatal treatment group were housed two per cage 

and transferred to the Milligan laboratory where they were maintained on a standard light-

dark schedule and allowed to acclimate for at least three to four months prior to 

experimental procedures. Dams were allowed to become pregnant only once. To avoid a 

“litter effect”, offspring within a litter were assigned different experimental conditions, with 

no two rats from the same litter occurring within the same experimental condition.
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2.3. Chronic constriction injury (CCI)

Four- to five-month-old adult male rat offspring from both the Sac control and PAE 

treatment groups were subjected to either sham or CCI aseptic surgical procedures as 

previously described [11] with minor modifications, as detailed elsewhere [111]. Briefly, 

under isoflurane anesthesia (induction 5% vol. followed by 3.5% in oxygen), the sciatic 

nerve was carefully isolated and ligated with 4 segments of 4-0 chromic gut sutures 

(Ethicon, Somerville, NJ) without pinching into the nerve. Sham surgery involved isolation 

of the sciatic nerve identical to CCI surgery but without nerve ligation. The overlying muscle 

was sutured closed with two 3–0 sterile silk sutures (Ethicon, Somerville, NJ), and rats fully 

recovered from anesthesia within approximately 5 min. Animals were monitored daily after 

surgery to ensure no complications from surgery occurred.

2.4. Behavioral Assessment of Allodynia

Three separate squads were assessed for allodynia using the von Frey fiber test. After rats 

were habituated to the testing environment, baseline (BL) responses were assessed as 

previously described [92]. Briefly, all rats were first habituated to the testing environment by 

placing rats atop 2-mm thick parallel bars spaced 8-mm apart allowing full access to the 

plantar hindpaw. Habituation occurred for approximately 45 min/day for 5 sequential days. 

All behavioral testing was performed during the first three hours of the light cycle in a 

sound-, light-, and temperature-controlled room. The von Frey behavioral test utilizes a 

series of calibrated monofilaments (2.44–5.18 log stimulus intensity) applied randomly to 

the left and right plantar surface of the hindpaw for a maximum of 8 seconds per application. 

Lifting, licking, or shaking of the paw was considered a response. In a similar manner to BL 

evaluation, animals in squads 1 and 2 were reassessed following CCI or sham surgery on 

Days 3 and 10 prior to tissue collection for procedures related to spinal IHC. Squad 3 rats 

were identically assessed for hindpaw threshold responses prior to and after CCI or sham 

surgery, on Days 3, 10, 15, 18, 23, and 28. The experimental tester was blind to the 

treatment groups.

2.5. Tissue preparation and Immunohistochemistry

Immediately after behavioral assessment on Day 10 post-surgery (Group 1 and 2), lumbar 

(L) 4–6 spinal cord segments were collected from both behaviorally-verified (hindpaw 

response thresholds) sham or CCI-treated rats and the tissues processed as described 

previously [27]. Briefly, rats were administered a lethal dose of sodium phenobarbital 

(Sleepaway, Fort Dodge Animal Health, Fort Dodge, IA) and underwent transcardial 

perfusion with 0.1M phosphate buffered saline (PBS; pH = 7.4) initially at 20 ml/min and 

completed at 24–28 ml/min (~10 min), followed by 4% paraformaldehyde (PFA; pH = 7.4; 

28 ml/min, 8 min). Following transcardial perfusion, intact spinal vertebrae from C2-L6 

were collected. The intact spinal vertebral column was hemisected at T7 generating a rostral 

and caudal half of the spinal vertebral column. All specimens underwent 24–48 hr post-

fixation in 4% PFA. The next day, spinal cords from Squad 1 underwent decalcification of 

T7-L6 spinal vertebral column, with segments placed in 3 liters water containing 10% 

ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich, St. Louis, MO) with 0.01% 

sodium azide and 0.5% paraformaldehyde with gentle consistent stirring atop a stir plate. 
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C2-T6 spinal segment were saved for future evaluation. The solution containing T7-L6 

spinal vertebral column segments was exchanged every 5 days, with vertebral decalcification 

complete by 30 six months. The decalcified L4-L5 spinal cords were segmented and 

subsequently paraffin processed. L4-L5 paraffin-embedded blocks were then sliced on a 

microtome with 7μm tissue sections mounted onto vectabond-treated slides [107,111]. Given 

paraffin-processed spinal tissues had undergone decalcification for an extended period, we 

replicated the experimental conditions in Squad 1 but processed spinal tissues using non-

decalcification methods. Thus, for comparison following perfusion as detailed above, lumbar 

spinal cords from a separate squad of rats (squad 2) representing each of the four identical 

experimental conditions (either sac or PAE with either sham or CCI; N=4/gp) were dissected 

from the vertebral column (L4-L6) and placed in standard Tissue-Tek cryomold containing 

Optimal Cutting Temperature (OCT) solution (Tissue-Tek, Torrance, CA, USA), flash frozen 

on dry ice and subsequently stored at −80°C until further processing. Sixteen μm-thick 

cryosections were mounted on Fisherbrand™ SuperFrost™ Plus slides. These tissues were 

stained using the identical glial activation markers (see below) to compare immunoreactivity 

between extended decalcification procedures and non-decalcified freshly dissected spinal 

cords.

To investigate spinal augmented glial activation, we analyzed the expression of the astrocyte 

marker, glial fibrillary acidic protein (GFAP) and the microglial activation marker Iba-1 

(ionized calcium-binding adapter molecule) in L4-5 spinal segments as described in 

Wilkerson et al. [111] with the following brief modification. Randomly selected paraffin-

processed L4-L5 mounted spinal cord tissue sections underwent deparaffinization followed 

by rehydration and microwave antigen retrieval procedures [111]. For antigen retrieval, Tris-

based buffers, pH 9.5 (BioCare Medical, Concord, CA) was used for GFAP and pH 9 

(Vector Laboratories, Burlingame, CA) was used for Iba-1 immunostaining.

For cryosectioned tissues from squad 2, randomly selected mounted spinal cord tissues were 

removed from −80 °C freezer and were allowed to warm up to room temperature for 30 

minutes. Tissues were then post-fixed in 2% paraformaldehyde for 1 hour at room 

temperature. Tissue sections were then washed three times in 0.1M PBS (pH 7.4). Tissue 

sections were then was then incubated in 0.5% TritonX-100 in 0.1M PBS for 30 min with 

gentle rotation..

All tissue sections were incubated with 5% normal donkey serum (NDS), in PBS (pH 7.4) 

for 2h, followed by overnight primary antibody incubation (rabbit anti-rat GFAP, Millipore, 

1:1000 dilution or rabbit anti-rat Iba-1, Wako, 1:300 dilution) in a humidity chamber at 4 °C. 

Tissues were washed three times with 0.1M PBS followed by donkey-anti rabbit TRITC 

(tetramethylrhodamine)-conjugated secondary antibody incubation for 2h in a humidity 

chamber at room temperature and rinsed in 0.1 M PBS. To identify cellular nuclei, tissues 

were then stained with 4,6-diamidino-2-phenylindole (DAPI) (Vector Labs, Burlingame, 

CA) separately before cover slipping.

2.6. Microscope spectral imaging for immunofluorescent quantification

Image acquisition for spectral analysis was preformed using Nuance spectral imaging 

system (http://www.cri-inc.com/products/nuancew.asp) [62], as described previously 
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[26,111]. Briefly, images of dorsal horn spinal cord were obtained using 20X objective with 

a Nikon TE-200 U inverted fluorescence microscope. Flat-field correction was applied in 

order to remove artifacts including uneven field illumination to produce a uniform 

illumination during image acquisition. A spectral library was then created using single-

labeled control slides for each fluorophore and a label-free (autofluorescence) slide. The 

computed spectrum was then obtained by separating the known spectrum (autofluorescence) 

from mixed spectrum (single labeled) to produce pure labels of each fluorophore. This 

allowed for the un-mixing of multi-labeled slides to obtain composite images containing 

only the labels of interest. These composite images were then used for further analysis (see, 

Slidebook software image analysis). Sixteen spinal images per experimental group (2 

adjacent sections plus 2 sections randomly separated by 140 μm totaling 4 sections per 

animal, with 4 animals per experimental condition) that were ipsilateral and contralateral to 

the sciatic manipulation were acquired and analyzed.

2.7. Slidebook software image analysis

Composite images were analyzed using Slidebook 6 software (Intelligent Imaging 

Innovations, Denver, CO). To eliminate signals originating from artifacts, an experimenter 

blinded to treatment groups determined an acceptable threshold of very low-level emission 

fluorescent intensity by closely replicating the composite computer image with that observed 

through the microscope eyepiece as described previously [26]. In addition, the dorsal horn of 

the spinal cord was outlined for analysis eliminating the surrounding white matter and peri-

spinal blank space. The image was then refined to include the predetermined threshold 

within the outlined area. Analyses were conducted to include the ‘Sum Intensity’ (the total 

signal within the outlined dorsal horn) and ‘Area’ [total area within the outlined dorsal horn 

in micrometers squared (μm2)]. ‘Fluorescence Intensity’ for the dorsal horn of the spinal 

cord was then calculated by dividing the ‘Sum Intensity’ by the ‘Area’. The average of four 

(2 adjacent and 2 randomly separated by 140μm sections) from a single slide was calculated 

to determine the value for each slide representing each individual animal. Each animal’s data 

were analyzed according to that detailed in Statistical Methods, below.

2.8. Spinal cord tissue digestion for flow cytometry

Following behavioral analysis conducted on Day 28 post-surgery, animals were deeply 

anesthetized (8–10 min, 5% vol. in oxygen). Peritoneal exudate cells (PECs), spleens and 

peripheral blood samples were collected (section 2.9) from rats followed by transcardial ice-

cold 0.1M PBS (pH = 7.4) perfusion. With the body placed on ice, a laminectomy was 

performed and spinal cord L4-L6 was collected into RPMI 1640 media ((medium originally 

developed by Roswell Park Memorial Institute, purchased from Sigma-Aldrich, St. Louis, 

MO) that remained on ice until processing. Spinal tissues were digested according to the 

manufacturer’s instructions (Miltenyi gentleMACS™ protocol) for single-cell suspension of 

neural tissue. Briefly, spinal tissues were minced with fine tip scissors and digested at 37°C 

with collagenase/dispase (1mg/mL) (Roche Diagnostics, Indianapolis, IN) and 

deoxyribonuclease-1 (DNase-1, 10 mg/mL) (Sigma-Aldrich, St. Louis, MO). For optimal 

enzymatic digestion, tissue samples were incubated under slow, continuous rotation using a 

rotator. The gentleMACS Dissociator (Miltenyi Biotec, San Diego, CA) was used to 

dissociate the tissue between enzymatic incubation steps. Following digestion steps, cell 
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suspensions were passed through 70 μm followed by 40 μm cell strainers (Corning™ sterile 

cell strainers, Fisher Scientific, USA). Cells were incubated with magnetically labeled 

myelin removal beads (Miltenyi Biotec, San Diego, CA), washed and passed through MACS 

LS columns in conjunction with MACS Separator magnets (Miltenyi Biotec, San Diego, 

CA). The resultant eluent is both myelin-depleted and microglia/leukocyte-enriched.

2.9 Preparation of peripheral blood, peritoneal exudate cells (PECs) and spleen for flow 
cytometry

To collect immune cells from the peritoneal cavity, the ventral surface of anesthestized rats 

was shaved, cleaned with soapy water and sprayed with 70% ethanol. A small incision was 

made on skin with surgical blades and the underlying muscle was teased apart with blunt 

scissors followed by adding 30 ml Iscove’s media (Sigma-Aldrich, St. Louis, MO) to the 

peritoneal cavity and massaged vigorously (with the incision clamped) for ~1.0 – 1.5 min, 

after which ~15–20 ml of peritoneal exudate cells (PEC) were collected and spun at 1200 

RPM for 8 min. The resultant cell pellet was resuspended with 1 ml hypotonic salt solution 

(ACK lysis buffer; Sigma-Aldrich, St. Louis, MO) to lyse red blood cells (RBCs). Cells 

were incubated for 5 minutes on ice, washed twice and resuspended in ice-cold PBS. Cells 

were counted followed by viability dye staining (section 2.10). Spleens were harvested in 

RPMI and homogenized via passage through a 40μm cell strainer (BD Falcon™) to prepare a 

single cell suspension. RBCs were lysed similarly to that conducted with PECs and cells 

were washed and diluted with RPMI 1640 complete medium supplemented with 10% (v/v) 

fetal bovine serum (FBS) (Sigma), 2.0 mM L-glutamine (Thermos Fisher Scientific, PA, 

USA), 50 μM 2-mercaptoethanol (Sigma-Aldrich), 100 U/ml penicillin and 100 μg/ml 

streptomycin (Thermos Fisher Scientific, PA, USA) to a cell density of 1×106/ml for in vitro 
culture experiments described in section 2.11.

One ml peripheral blood was collected (in BD vacutainerR K2EDTA blood collection tube) 

from deeply anesthetized animals through cardiac puncture immediately before transcardial 

perfusion. Peripheral blood mononuclear cells (PBMNs) were isolated using Ficol Premium 

1.84 (GE Healthcare Life Sciences, PA, USA) according to the manufacturer’s instructions. 

Briefly, 1 ml blood was diluted to 4 ml with PBS (w/o Ca/Mg) and layered on 3 ml Ficol in 

a 15 ml conical tube and centrifuged at 400×g for 30 min at 20°C, without brakes. PBMNs 

were collected from the interface and washed twice with PBS at 400×g for 10 min at 20°C. 

Cells were resuspended in PBS on ice until proceeding to viability dye staining (section 

2.10).

2.10. Flow cytometry analysis for surface immune markers

Given that alpha-beta integrin heterodimers are required to mediate leukocyte trafficking, 

and leukocyte accumulation occurs in spinal tissue following peripheral neuropathy 

[22,30,38], microglial/macrophage activation and integrin expression were evaluated. Using 

the surface marker CD45 (protein tyrosine phosphatase C, also known as common leukocyte 

antigen) in combination with CD11b (also known as macrophage-1/Mac-1), we identified 

microglia and macrophages [33,95] and analyzed their CD11b fluorescent intensity 

separately. We also analyzed β1 and β2 integrin and MHC class II (MHC2) expression. 

MHC2 is typically expressed on antigen presenting cells (APCs) and upregulation of MHC2 
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is associated with activated APCs that are able to stimulate and activate myeloid and CD4+T 

cells [68].

For flow cytometric analyses, live cells were counted on a hemocytometer using the trypan 

blue staining exclusion criteria. Cells were resuspended at 1×106/mL in PBS. Between 

0.2×106 – 1×106 cells were transferred in a FACS tube (BD Falcon™, MA, USA) and 

pelleted by centrifugation at 300×g for 5 min at 4°C, with the supernatant discarded. Cells 

were then resuspended in PBS (without calcium and magnesium; Sigma-Aldrich, St. Louis, 

MO) and stained with Viability Dye eFluor® 450 (eBioscience, San Diego, CA) for 30 min, 

washed with FACS buffer (1x PBS containing 1.0% bovine serum albumin, and 1mM 

EDTA) and incubated with a saturating solution of Fc block (BD Biosciences, San Jose, CA, 

USA) for 10 min followed by staining with fluorochrome-conjugated antibodies for 30 min. 

All of these steps were conducted on ice. Antibodies against rat CD11b, LFA-1 (CD11a) 

(BD Biosciences San Jose, CA, USA), and rat CD45, MHC2 and CD29 (eBioscience, San 

Diego, CA, USA) were used for 0.125–0.5 ug/106 cells, as recommended by the 

manufacturer. Following antibody staining, cells were washed and resuspended in 250μl 

FACS buffer and then passed through a 40 μm cell strainer immediately prior to analysis to 

avoid cell clumping. At least 50,000 live cell events were collected for each sample. Data 

were acquired using the BD LSR Fortessa cell analyzer (BD Biosciences, San Jose, CA) and 

analyzed using FlowJo software v.8.7.4 (Treestar Inc., Ashland, USA). Live cells were 

identified based on their size, granularity (FSC vs SSC) and fluorescent viability dye 

staining. Microglia and macrophage were identified and their activation (CD11b expression 

levels) were assessed by examining the geometric mean fluorescent intensity (GMFI) 

analysis, which is the mean of logarithm values and represented as the antilog, as cell 

surface immunofluorescence data is logarithmically transformed to capture the wide ranging 

dynamic signals detected from biologically heterogeneous samples typically observed from 

flow cytometry sampling [37,74]. These data follow a lognormal distribution and GMFI is 

widely used for flow cytometry-acquired detection of cell surface receptors [14,90].

For β-integrins and MHC2 expression analysis, only live cells were gated on medium to 

high CD11b expression levels. Spinal/peripheral CD11b+ cells (microglia and other 

leukocytes) were then plotted for LFA-1/CD29 or MHC2 expression as a function of CD11b 

expression. LFA-1+, CD29+ or MHC2+ cells were identified based on isotype controls.

2.11 Intracellular detection of CCL2 by flow cytomtery

Splenocytes collected from each rat within each experimental condition were examined for 

CCL2 production upon stimulation. Splenic cells were cultured to detect intracellular CCL2 

as described previously [18] with the following minor modifications. Splenocytes were 

plated in a 24-well culture plate (Corning Costar, Sigma-Aldrich), 1×106 cells/well and 

stimulated with PMA (a phorbol ester, Protein Kinase C activator, 50 ng/ml) and ionomycin 

(a calcium ionophore, 1ug/ml), incubated for 5 hours at 37°C and 5% CO2. The combination 

of PMA/ionomycin is sufficient to activate many cell types including macrophages and T 

cells [32,44]. In order to block secretion of cytokines from activated splenic leukocytes, 

2ul/ml protein transport inhibitor cocktail (containing brefildin A and monensin, from 

eBioscience) was simultaneously added with PMA/ionomycin solution at the beginning of 
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the cultures. Protein transport inhibitor cocktail inhibits the intracellular protein secretory/

transport pathway resulting in the accumulation of secreted proteins in the lumen of the 

endoplasmic reticulum and in the Golgi apparatus which can be detected by intracellular 

staining and flow cytometric analysis [89]. Following 5hr of stimulation, splenic cells were 

gently removed from the wells, washed twice with PBS and stained with viability dye, 

CD45, and CD11b surface markers as described in section 2.8. Cells were fixed with 4% 

PFA (Sigma-Aldrich) for 10 min at room temperature, washed with FACS buffer and 

permeabilized with 0.3% saponin (Sigma-Aldrich) in FACs buffer followed by incubation 

with anti-rat CCL2 (eBioscience, San Diego, CA, USA) for 30 min on ice in the dark. Cells 

were then washed twice in saponin-FACs buffer and proceeded to flow cytometer data 

acquisition. Live CD45+CD11b+ cells were identified and proportions of CCL2+ leukocytes 

were evaluated based on isotype control.

2.12. Tissue lysate preparation and multiplex determination of cytokine and chemokine 
expression

Flash frozen sciatic nerve and DRG tissue samples were kept on ice and homogenized using 

a Fisherbrand™ Disposable Pestle system (Fisher Scientific) with subsequent sonication (in 

a buffer with protease inhibitors according to the manufacturer’s instructions. Tissue 

samples were centrifuged at 4,200×g, at 4°C for 10 min to pellet cellular debris. Cellular 

lysate protein concentrations were determined by Quickstart™ Bradford protein assay 

(BioRad, Hercules, CA, USA). Sciatic nerve cytokine expression levels were then 

determined using a V-PLEX™ immunoassay (MesoScale Discovery, Gaithersburg, MD, 

detailed below) panel for identification of the cytokines and chemokines: TNFα, IL-1β, 

IL-6, IL-10 and CXCL1, as previously validated [63,77]. IL-10 levels in L4-L6 DRGs were 

also measured using MesoScale Discovery immunoassay platform. All V-PLEX™ 

immunoassay assays were conducted according to manufacturer’s instructions.

The V-PLEX™ immunoassay applies electrochemiluminescence technology to precisely 

measure protein concentrations of multiple cytokines simultaneously with high sensitivity 

and reproducibility. Tissue lysates (100 μg total protein) from experimental tissue samples or 

calibrator (provided in the kit) were loaded onto a ‘multi-spot’ plate. Each well in the plate 

is pre-coated with capture antibodies on independent and well-defined spots. Analytes in the 

tissue sample were then bound to capture antibodies attached to the working electrode 

surface. Immobilized proteins were then incubated with detection antibodies conjugated 

with electrochemiluminescent labels (MSD SULFO-TAG™). A Quickplex SQ 120 Imager 

(MesoScale Discovery, Gaithersburg, MD) was used to read the plate via application of an 

electrical current to the plate electrodes and subsequent measurement of light intensity 

emitted by SULFO-TAG labeling. This provided a quantitative measure of sample analytes. 

Samples were run in duplicate and the coefficient of variation was less than 15% for all 

analytes.

2.13. Statistical analysis

All behavioral data of hindpaw threshold responses were analyzed by SPSS (IBM, Chicago, 

IL, USA). At BL, a 2-way analysis of variance (ANOVA) for between-subject factors of 

prenatal exposure (Sac versus PAE) x surgical manipulation (sham versus CCI) was 
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analyzed. Based on previous data showing strong correlations between repeated 

measurements, it was estimated that the planned sample size for squad 3 would be sufficient 

to detect effects that account for as little as 4% of the observed variance, with 80% power 

and traditional α=0.05. Data from microscope-acquired images reflecting immunoreactivity, 

flow cytometry, and protein V-PLEX™ immunoassays were analyzed using two-way 

ANOVA with GraphPad Prism version 6 software (GraphPad Software Inc., San Diego, CA, 

USA). To control the type I error rate during multiple comparisons, reported with adjusted P 

values, Fisher’s LSD test was applied for post hoc examination of possible group 

differences. Groups were compared, a priori, between Sac + sham versus PAE + sham and 

PAE + CCI because we hypothesized that with some immune endpoints, PAE without CCI 

alters immune cell phenotype. The threshold for statistical significance was set a priori at α 
= 0.05 for all sets of multiple comparisons. In all cases, the data are presented as the mean ± 

SEM.

3. Results

3.1. Voluntary maternal drinking paradigm

Long-Evans rat dams consumed an average of 2.04 ± 0.10 g/kg/day of ethanol throughout 

gestation. This level of drinking produced a peak serum ethanol concentration of 60.8 + 5.8 

mg/dL. This voluntary drinking paradigm did not affect maternal weight gain, litter size, 

offspring birth weight or growth curves (data not shown, see [83]).

3.2. PAE potentiates CCI-induced allodynia

Light mechanical touch assessed at BL revealed similar levels of hindpaw sensory threshold 

responses between all groups (Fig 1a–b). These BL values reveal that PAE in the absence of 

peripheral injury or challenge does not produce overt sensitivity to light touch suggesting 

that the deleterious effects of PAE are unmasked following challenge. Indeed, while all rats 

resumed normal activity (active grooming, weight gain) within one day of either CCI or 

sham surgery, clear development of bilateral allodynia (Fig 1a–b) assessed on Days 3 and 10 

after surgery (N=10 rats/group) occurred in Sac-treated CCI-operated rats with the most 

dramatic responses observed in PAE-CCI rats compared to sham-treated controls (Fig 1a–b). 

It is important to point out that the enhanced allodynia observed in PAE-CCI rats was ~10-

fold greater than Sac-CCI rats. Moreover, enhanced allodynia on Day 3 from the 

contralateral hindpaw of PAE-CCI rats (Fig 1b) strongly support that pathological 

processing is occurring at the level of the spinal cord where allodynia signaling develops. 

Accordingly, enhanced allodynia in PAE-CCI rats may be driven by aberrant immune 

responses not only in the damaged sciatic nerve, but also in the DRG where light touch 

neurons send their axons to the spinal cord. These data are the first demonstration that 

moderate PAE markedly exacerbates allodynia in adult offspring, as assessed using a 

standard model of peripheral neuropathy.

3.3. PAE potentiates spinal glial activation in rats with enhanced allodynia

As noted previously, glial activation in the CNS is a common characteristic between animal 

models of PAE and models of chronic neuropathy that produces allodynia. Here, potentiated 

spinal glial activation was evaluated in PAE rats with CCI-induced allodynia. No differences 
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between cryoprotected and paraffin-embedded spinal cord processing were observed with 

regard to the pattern of GFAP immunoreactivity (IR) between each treatment group. 

Representative photomicrographs of paraffin-processed GFAP IR spinal cords and the 

corresponding image analysis are shown in supplemental figure 1A and B. Representative 

photomicrographs of cryosectioned spinal cords from squad 2 show GFAP IR, 

demonstrating augmented spinal cord astrocyte activation occurs in the dorsal horn from 

behaviorally verified rats are shown (Fig 2a). Analyzed GFAP IR revealed a trend toward 

increased bilateral astrocyte activation from the Sac-treated rats with CCI compared to the 

Sac-treated sham-operated group (Fig 2b). However, while sham-operated PAE-rats reveal 

slightly increased GFAP IR compared to Sac-sham, the largest increase in GFAP IR is 

observed in PAE rats with CCI.

During the image acquisition and analysis of Iba1 IR from paraffin processed tissue, it was 

determined that extended decalcification results in complete loss of Iba1 signal resulting in 

reduced spinal cord samples per experimental condition (Sac + sham N=4, Sac + CCI N=5, 

PAE + sham N=4, and PAE + CCI N=5). Thus, reliable Iba1 IR data from decalcification 

procedures of spinal cords was not possible. However, non-decalcified cryosectioned spinal 

cords revealed microglial activation as assessed by Iba-1 IR, is increased following 

peripheral neuropathy (Fig 2c–d). However, the greatest Iba-1 IR is observed in spinal cords 

from PAE-CCI rats, both ipsilateral and contralateral to CCI. Representative ipsilateral 

photomicrographs of microglial analysis are shown Fig 2c. Importantly, macrophages cannot 

be ruled out, as Iba-1 is also detected in macrophages, which may contribute to the overall 

increases in Iba-1 IR. The data show that both astrocytes and microglial activation markers 

are significantly potentiated in PAE rats following standard peripheral nerve CCI damage. 

These data suggest primed spinal glia may result as a consequence of PAE that contributes to 

heightened allodynia in rats.

3.4 PAE-associated increases in allodynia persist for at least four weeks

One possibility observed from PAE-induced potentiated allodynia could be that these 

heightened sensory responses are transient, with resolution of allodynia occurring shortly 

after Day 10 following CCI. That is, compensatory spinal glial anti-inflammatory signaling 

factors may act to resolve heightened glial reactivity with concurrent resolution of 

exaggerated allodynia to typical levels frequently observed from CCI. Enduring potentiated 

allodynia can be readily addressed given typical levels of allodynia following CCI are well-

characterized and known to persist for 70–90 days prior to spontaneous reversal [26,92]. 

Therefore, to examine whether PAE potentiates persistent allodynia, a separate group of rats 

were evaluated for allodynia over a 28-day time-course, which evidence shows is long 

before spontaneous resolution of allodynia occurs. All groups of rats revealed normal 

hindpaw response thresholds at BL (Fig 3). However, due to spontaneous death (a Sac-

treated rat before surgery) or the presence of ipsilateral hindpaw autotomy (N=2 in PAE + 

CCI and N=1 in Sac + CCI treatment group), some rats were eliminated. Typically <1% of 

experimental rats reveal hindpaw autotomy in our laboratory. As with squad 1 and 2 shown 

in Figure 1, following sham surgery, Sac- and PAE- treated rats remained stably responsive 

with hindpaw response thresholds consistently similar to pretreatment BL values throughout 

the 28-day time-course. Conversely, Sac-treated controls with CCI revealed a clear increase 
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in hindpaw sensitivity, as paw withdrawal responses stably occur at <1 g touch stimuli, as 

predicted. However, PAE with CCI revealed the most robust bilateral increase in hindpaw 

sensitivity, with paw withdrawal responses occurring ~0.03 g beginning on Day 3 and 

continuing throughout the entire 28-day time-course (Fig 3). These data reveal that adult 

onset potentiated allodynia from PAE endures for an extended period with no evidence of 

resolution for 28 days.

3.5. PAE alters lumbar spinal immune cell activation in rats with adult-onset CCI-allodynia

Astrocytes and microglia are not the only cell populations strongly implicated in spinal 

immune signaling that underlie chronic neuropathy. Leukocytes (e.g. macrophages, 

neutrophils, T cells, and dendritic cells) trafficking to the spinal cord following peripheral 

nerve damage are also gaining recognition as key contributors in the pathogenesis of chronic 

neuropathic pain. To address this possibility, lumber spinal cords from behaviorally verified 

rats (behavior shown in Fig 3) were analyzed by flow cytometry to distinguish resident 

microglia (CD11bhighCD45low-medium) and macrophage (CD11bhighCD45high) populations. 

We first examined overall spinal cell accumulation and observed the greatest spinal cell 

counts occurred in PAE rats with CCI compared to either Sac-treated groups or sham-

operated PAE rats (Fig. 4a). While our data reveal no significant differences in the 

proportion of microglia and macrophage populations between experimental conditions (data 

not shown), CD11b fluorescent intensity is upregulated on both microglia (Fig 4b) and 

macrophages (Fig 4c) following neuropathy, with the most robust upregulation occurring in 

spinal cords of PAE rats. These data suggest that as a consequence of PAE, spinal microglia 

and macrophages are primed to over-respond as observed by enhanced activation (CD11b 

intensity).

3.6. PAE alters integrin and MHC class II expression on immune cells

As previously noted, critical adhesion molecules that allow for peripheral immune cell 

trafficking include the β2-integrins Mac-1 (CD11b/CD18) and LFA-1 (CD11a/CD18), and 

the β1-integrin VLα4 (CD49d/CD29). Given the augmented macrophage and microglial 

activation observed in the spinal cords of PAE rats, an examination of enhanced peripheral 

immune cell activity that leads to elevated β-integrin activation and expression was assessed 

by first measuring CCL2 expression on stimulated splenocytes (a.k.a. peripheral leukocytes). 

CCL2 co-expressed with β-integrins promotes activated β-integrin and integrin-mediated 

leukocyte migration [30,61]. We reasoned PAE may enhance leukocyte responses that 

include elevated CCL2 production following immune cell stimulation. Given CCL2 

signaling is critical for β2 - integrin adhesion molecule activation, CCL2 on peripheral 

immune cells may be a critical factor potentiating leukocyte homing to the glial- and 

cytokine-activated spinal cord. In support of this possibility, stimulated splenic cells in vitro 
collected from Sac-Sham, Sac-CCI, PAE-Sham and PAE-CCI revealed CCL2 expression is 

greatest from PAE-CCI neuropathic rats (Fig 5a). These data support the possibility that 

elevated CCL2 increases LFA-1 on immune cells with concurrent activated LFA-1 

conformation thereby facilitating immune cell migration.

Given the peritoneal cavity is a region routinely enriched with trafficking myeloid cells that 

migrate from the primary immune organs, PAE-induced elevated β2-integrin expression was 
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examined in leukocytes collected from peritoneum. Expression of LFA-1 on CD11b+ PECs 

is greatest from PAE-treated rats with CCI compared to either PAE-Sham or Sac-CCI and 

PAE-Sham rats (Fig. 5b), supporting the possibility that PAE leads to functional 

consequences of peripheral immune cell reactivity. Moreover, in an exploratory experiment 

examining lumbar spinal cord, a subset of rats from each treatment condition (animal 

numbers were restricted by the availability of surface antigen markers at the time of spinal 

dissection) revealed a similar pattern of elevated CD11b+/LFA-1+ cells between groups (Fig. 

5c), with the greatest increase of CD11b+/LFA-1+ cells observed from spinal cords of PAE-

CCI rats compared to all other groups.

As with β2-integrins (i.e. LFA-1), the β1-integrin adhesion molecules play an additionally 

important role in peripheral leukocyte trafficking, which is supported by the current data 

demonstrating elevated CD29+ (maker for β1-integrins) myeloid cells, as identified by 

CD11b, are present in spinal cords of Sac rats with chronic CCI neuropathy as well as in 

PAE rats without (PAE-Sham) or with (PAE-CCI) neuropathy (Fig. 5d). These data are 

striking in that PAE alone is sufficient to alter β1-integrin expression profiles in the spinal 

cord, in further support that PAE alters some aspects of immune cell activation under basal 

conditions. Representative flow cytometry plots and quantification of β2 integrin and LFA-1 

(activated and inactivated) expressing CD11b+ (predominantly macrophage/microglia) cell 

populations in the lumber spinal cord revealed PAE rats have more integrin expression than 

Sac-treated controls (Fig 5e–f). Interestingly, LFA-1 did not increase on myeloid cells 

identified in PBMNs (data not shown), indicating differentiated mature tissue macrophages 

had already migrated to the inflamed tissue [46].

The possibility that elevated basal immune cell activation occurs as a consequence of PAE 

was further explored in tissues from the same subset of rats examined for β-integrins. Flow 

cytometric analyses revealed PAE-sham significantly contributes to an increase in lumbar 

spinal cord MHC2+ cells compared to Sac-treated shams (Fig 5g). Comparable MHC2 

expression levels were observed in cells from Sac-treated CCI animals and PAE with (PAE-

CCI) or without (PAE-Sham) neuropathy. Specifically, lumbar spinal cell populations with 

MHC2+CD11b+ cell surface expression revealed an average percent increase from 30±1.2 

(Sac-Sham) to 38±2.7 (Sac-CCI), or to 43.5±2 (PAE-CCI) at day 28 post CCI. Combined, 

the increased spinal MHC2 and β-integrin expression in PAE-CCI rats is indicative of an 

enhanced proinflammatory microenvironment in the lumber dorsal horn.

Integrin expression levels may further point to ongoing activation and migration of CD11b+ 

leukocytes with augmented MHC2 expression, as analysis of cells revealed that the most 

profound increases in CD11b+MHC2+ PBMNs (Fig 5h) and PECs (Fig 5i) occurs in PAE-

CCI neuropathic rats. It is important to point out that no significant alterations in CD29+/

CD11b+ cells from PBMNs or PECs (data not shown) were observed, suggesting that 

increases in CD29 in lumbar Cd11b+ cells indicate microglial-specific regulation by PAE.

3.7. Increased pro-inflammatory cytokines in sciatic nerve of PAE rats with CCI-induced 
allodynia

Little is understood about the effects of PAE on peripheral immune cell function. Enhanced 

allodynia observed in PAE animals may also be due to pathological activation of peripheral 
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immune cells recruited to the sciatic nerve injury site. Indeed, compared to Sac or PAE sham 

controls, ipsilateral sciatic nerves from Sac-treated rats with chronic allodynia revealed 

substantially elevated IL-1β (Fig 6a), IL-6 (Fig 6b), TNFα (Fig 6c) and CXCL1 

(chemokine C-X-C ligand 1 (a neutrophil chemoattractant, Fig 6d) protein expression. 

Moreover, a potentiated and significant increase of IL-1β, IL-6 and TNFα protein was 

observed in nerves from PAE rats with chronic neuropathy (CCI-PAE) (Fig 6), suggesting in 
utero alcohol exposure primes proinflammatory peripheral immune cell reactivity that may 

underlie these observations. While a slight trend toward increased CXCL1 levels in sciatic 

nerves from PAE with CCI (Fig 6d) was observed, these changes were not statistically 

significant. Robust allodynia observed in PAE-CCI that occurs in parallel with enhanced 

sciatic nerve IL-1β, IL-6 and TNF-α but not CXCL1, suggests the actions of CXCL1 at the 

sciatic nerve by peripheral immune cells are less critical in mediating PAE-potentiated 

allodynia. However, these data are the first demonstration that peripheral neuropathy from 

sciatic nerve CCI generates substantially elevated CXCL1 in the ipsilateral sciatic nerve 

examined 28 days after injury. Importantly, examination of the contralateral sciatic nerve did 

not reveal increased cytokine and chemokine protein levels compared to Sac-treated sham 

controls (data not shown), which validates that CCI is a highly localized model of discrete 

unilateral sciatic nerve damage despite observing chronic bilateral allodynia.

3.8. Dysregulation of IL-10 protein in the DRG and the sciatic nerve of adult PAE rats 
following CCI

The current data reveal a robust PAE-induced increase in proinflammatory immune 

cytokines is present in the ipsilateral sciatic nerve. Given the observation of increased 

proinflammatory cytokines, the anti-inflammatory cytokine IL-10 was examined to 

investigate the compensatory effects in neuropathic PAE rats. The current data demonstrate 

that compared to IL-10 levels in the DRG from Sac-treated sham rats, Sac-treated CCI rats 

show decreased IL-10 levels commensurate with ongoing allodynia in these rats. 

Unexpectedly, sham-operated PAE rats revealed a down-regulation of IL-10 compared to 

Sac-treated sham rats (Fig. 7a), suggesting PAE creates pathological susceptibility to 

proinflammatory immune responses. Indeed, the greatest IL-10 DRG decrease is observed in 

PAE rats with chronic CCI-induced potentiated allodynia (Fig 7a).

The ipsilateral peripheral nerve axon reveals a different IL-10 profile of expression. A 

compensatory IL-10 protein increase occurs in Sac–CCI rats compared to Sac and PAE 

sham-treated rats (Fig. 7b). Conversely, this compensatory increase in the ipsilateral sciatic 

nerve of PAE rats with CCI is completely absent, suggesting that the peripheral immune 

signals required for typical anti-inflammatory responses at the axon following injury are 

dysregulated.

4. Discussion

Increasing evidence indicates that PAE creates long-lasting alterations to immune function. 

A number of studies using animal models of PAE show brain region-specific microglial and 

astrocyte activation and elevated proinflammatory cytokines [3,27,53,102,103]. Here, we 

extended observations of PAE on immune function and focused specifically on the effects of 
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PAE on adult-onset neuropathic pain with concurrent changes in spinal glial and immune 

cell markers as well as cytokine levels in the nociceptive system. We provide new insights 

that PAE potentiates bilateral allodynia of both short and long duration (Fig 1 and 3) in adult 

rats with sciatic nerve damage. Importantly, these behavioral changes in allodynia are not a 

short-term transient observation. Astrocytes and microglia in the dorsal horn of the spinal 

cord from neuropathic rats reveal PAE augments their functional activation as assessed by 

microscopic analysis (Fig 2 & Supplementary Fig 1). Immunohistochemical evaluation is 

further supported by flow cytometric analysis revealing the activation profile of microglial 

and macrophage cell populations is dramatically up-regulated in neuropathic PAE rats (Fig 

4). The elevated lumbar spinal immune cell activity is further supported by increased 

MHCII, and integrin expressing CD11b+ microglia and leukocytes in the spinal cord and in 

the periphery (Fig 5). In line with these observations, analysis of the ipsilateral sciatic nerve 

and DRG reveal PAE treatment in combination with neuropathy results in increased protein 

expression of IL-1β, TNF-α and IL-6 (Fig 6) with a simultaneous suppression of sciatic 

nerve and DRG IL-10 (Fig 7). Together, these data provide evidence that PAE generates 

consistent and potentially life-long spinal and PNS glial and immune cell hyper-reactivity to 

a second insult produced by a localized sciatic nerve trauma initiated in adulthood.

4.1. PAE- primed glial activation

PAE may lead to heightened and enduring glial reactivity (brain and/or spinal cord) 

throughout adulthood leading to aberrant neuroimmune signaling [100]. Our data suggest 

moderate PAE primes spinal microglia and astrocytes such that the response of these cells to 

subsequent “damaged self” signals that occur during Wallerian degeneration from peripheral 

nerve damage is exaggerated. Previous studies show microglial proliferation and long lasting 

microglial reactivity from non-PAE animals with peripheral nerve injury, as evidenced by 

increased CD11b and Iba-1 immunoreactivity [39,54], which is also expressed on 

monocytes/macrophages. Data in the current study reveal PAE-induced heightened 

microglial reactivity is distinguished from the observed heightened monocytes/macrophage 

reactivity using flow cytometric analysis [33,91]. Specifically, under CCI-induced 

pathological conditions, a ~13% increase in CD11b intensity on microglia occurs, whereas a 

36% increase in CD11b intensity on monocytes/macrophages is observed in PAE compared 

with Sac rats. However, the processes underlying the effects of PAE per se on immune 

function may be better ascertained by examining basal levels of anti-inflammatory cytokines 

such as IL-10 in the anatomically nociceptive-relevant DRG. Indeed, DRG IL-10 protein 

levels from PAE rats with sham treatment are remarkably suppressed compared to their Sac-

treated counterparts. Importantly, prior reports demonstrate DRG IL-10 protein levels are 

significantly greater in sham-treated healthy controls compared to those rats with allodynia 

from CCI [110,111]. These prior reports show satellite glia are a cellular source of DRG 

IL-10. Thus, the current data in light of these prior reports suggest PAE blunts the protective 

actions of basal DRG glial-derived IL-10 against the development of augmented 

proinflammatory glial actions and resultant allodynia.

Microglia and leukocyte activation is often correlated to their integrin and MHC expression. 

In fact, expression of β-integrin and MHC molecules on microglia are regulated by pro- and 

anti-inflammatory cytokines present in the microenvironment [66]. CCI upregulates 
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endothelial adhesion molecules such as platelet endothelial cell adhesion molecule 1 

(PECAM-1) and intercellular cell adhesion molecule 1 (ICAM-1) [97]. These adhesion 

molecules facilitate migration of T cells and monocytes/macrophages expressing integrins 

and possibly reinforce immune cell actions. Spinal MHC expression is important in 

generating neuropathic pain, suggesting the crucial role of antigen presenting cells’ 

engagement with CD4+ T cells [97]. Our data suggest PAE, with or without neuropathy, 

increased LFA-1+, CD29+ and MHC2+ microglia and leukocytes in the lumbar spinal cord, 

which is further indicative of PAE-induced priming of spinal immune cells. Further studies 

are needed to determine whether PAE-induced priming leads to increased activation of 

integrin on leukocytes [7] possibly driven by increased CCL2-mediated interactions, as 

previously observed in the brain of PAE offspring [28].

While the mechanisms underlying immune activation and potentiated neuropathic pain as a 

consequence of alcohol exposure are unknown, prior work has demonstrated a possible 

immune-mediated link. A previous report suggests that in adult animals, ethanol treatment 

alone can induce microglial activation and neuropathic pain-like symptoms [69]. In vitro and 

in vivo studies support direct and indirect alcohol-mediated activation of the innate immune 

receptors, Toll-like Receptor (TLRs) and NOD-like receptors (inflammosome NLRs) 

[3,4,67]. Chronic ethanol treatment (87–140 mg/dl) in adult female mice can activate TLR4 

signaling on glial cells, inducing the production of pro-inflammatory molecules and 

upregulating CD11b and GFAP [3]. Microglia from alcohol treated mice increase neuronal 

apoptosis in TLR4-dependent pathways [31]. However, how in utero alcohol exposure 

affects neuroimmmune functions in the adult brain remains speculative. Recent literature 

suggests that PAE alters CNS fetal programming and increases later life vulnerability to 

stress, depression and anxiety disorders [45]. Even a low level immune activation produces 

cognitive deficits in PAE animals [100]. In addition, moderate PAE rats display exaggerated 

immune responses in later-life as a consequence of low level of immune activation [100]. 

Interestingly, this study reported that the effect of low level of alcohol exposure to the 

maternal immune system is limited or undetectable. However, placenta or fetal brain is far 

more responsive to the detrimental effects of alcohol. Even low levels of alcohol exposure 

during early embryonic development regulate gene expression of many pro- and anti- 

inflammatory molecules in both the fetal brain and the placenta. These observations 

additionally reveal sex-specific differences in some cytokine and cytokine genes. The 

authors speculate that because microglia in the developing brain are particularly sensitive to 

small disturbances and act as crucial regulators in many neurodevelopmental processes such 

as cell proliferation, dendritic spine pruning and apoptotic cell clearance [6,24,95], alcohol 

induced activation of microglia during specific developmental stages can have significant 

consequences for long-term neural function.

Consistent with our observations, another study reported possible alcohol related priming in 

splenic cells in adulthood, despite in utero alcohol exposure occurred before spleens had 

developed. Additionally, emerging evidence of epigenetic changes due to prenatal alcohol 

exposure has been reported [57]. For example, distinct DNA methylation patterns observed 

in adolescents and children with FASD [73] may effect immune organ development and 

immune-related gene expressions.
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Another possible mechanism for moderate PAE-induced glial priming could be via an 

altered spinal-blood barrier. Curiously, one report demonstrated that PAE rat offspring 

whose mothers achieved average serum ethanol concentrations of 140 mh/dL (~0.14 gm/dl) 

revealed altered morphological development of the glia limitans, a structure consisting of 

astrocyte endfeet in contact with the pia mater and with capillary endothelial cells [59]. In a 

separate study, PAE (0.09gm/dl) upregulated the vascular factor, vascular cellular adhesion 

molecule 1 (VCAM-1) in the brain [27]. Thus, while speculative, PAE may cause 

“leakiness” in the neurovascular barrier leading to chronic low-level glial reactivity, which 

may facilitate CNS leukocyte trafficking following subsequent challenges such as peripheral 

nerve damage. Our observation that CCI increased viable cell counts in the spinal cord with 

the greatest increase in PAE-CCI animals suggests a potential increase in leukocyte 

infiltration in PAE rats with chronic allodynia. Future studies examining other spinal cord 

infiltrating leukocyte subsets (e.g. neutrophils and T cells) will provide insight into other 

contributing factors leading to potentiated allodynia as a consequence of peripheral nerve 

injury in PAE rats.

4.2. PAE affects peripheral immune cell function

In peripheral nerve injury, cytokines and chemokines produced at the injured site are 

important components influencing central pain processing [65,88]. In the current report, 

analysis of the ipsilateral sciatic nerve reveals IL-1β, IL-6, TNFα and the chemokine 

CXCL1 levels are increased in all chronic allodynic rats, in support of prior reports showing 

that these cytokines at the sciatic nerve strongly contribute in neuropathic pain [54,88]. 

However, the current report extends these findings by showing PAE potentiates IL-1β, IL-6 

and TNFα in chronic allodynic rats. While essential in spinal pain processing [16,113], 

levels of sciatic nerve CXCL1 in neuropathic rats are similar between Sac and PAE treated 

groups despite the potentiated allodynia observed in PAE rats.

Consistent with another report suggesting increased IL-10 mRNA in the endoneurium of the 

transected rat sciatic nerve [98], we have observed an increase in IL-10 in the ipsilateral 

sciatic nerve of chronic allodynic animals. This expected sciatic nerve IL-10 rebound 

observed in Sac rats with neuropathy was completely absent in PAE rats with neuropathy, 

suggesting a lack of control over the damaging effects of the proinflammatory immune cell 

response around the nerve that likely leads to further nerve damage.

The data from the current study suggests that PAE-related glial cell priming extends beyond 

glial cells and includes alterations in peripheral immune cell function. Indeed a recent study 

showed that moderate PAE leads to exaggerated expression of pro-inflammatory cytokines 

in the embryonic brain and also in the adult spleen in response to peripheral 

lipopolysaccharide (LPS) challenge in adulthood [100]. Here, we significantly extend these 

findings and report PAE-augmented MHC2 and LFA-1 expression on peripheral immune 

cells with a heightened ability to produce chemo attractants or inflammatory cytokines such 

as CCL2. In addition, we found that inflammatory responses in PAE animals in their 

adulthood correlate with a deficiency in IL-10 at the sciatic nerve and DRG following 

peripheral nerve injury. Major cellular sources of IL-10 are macrophages and T-cells (mainly 

T-helper 1/Th1 and regulatory T/Treg) [51,82] that infiltrate the sciatic nerve and DRG 
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following CCI [88]. Interestingly, a number of studies show PAE alters cell-mediated 

immune responsiveness, as demonstrated by reduced proliferative responses of splenic or 

thymic T-cells [40,41,76,101]. However, this effect varied on the timing and extent of 

ethanol exposure [10,70,76]. Another study reported that T-cells from PAE animals show 

diminished responsiveness to IL-2, a critical cytokine known to augment T cell function. 

Thus, IL-2/IL-2R (IL-2 receptor) interaction may be interrupted leading to suppressed T-cell 

proliferation in PAE offspring [19]. It is noteworthy that IL-2 signaling is also essential for 

Th1 and Treg differentiation and function, and IL-2 primes Tregs to produce IL-10 upon 

secondary stimulation [25,60]. Together, these reports suggest IL-10 production by T-cells 

may be compromised in adult PAE rats, a notion that requires further confirmation.

There is growing body of evidence indicating there are sex-specific outcomes of PAE. 

Sexually dimorphic effects of hyper-responsive hypothalamic-pituitary- adrenal (HPA) 

activity in PAE offspring have been observed [109]. In fact, while the immediate 

inflammatory effects of PAE on placental cytokines are similar, the levels of these 

inflammatory factors are distinctly different in male versus female fetuses [100]. 

Neuroimmune sex differences extend beyond observations related to HPA axis 

hypersensitivity and have been observed in the spinal cord leading to neuropathic pain. 

Indeed, a recent report suggests spinal neuroimmune mechanisms leading to allodynia are 

distinctly different between male and female rodent animal models of peripheral neuropathy 

despite that pathological pain develops to the same magnitude and duration between the two 

sexes [93]. For example, the action of spinal T cells may dominate the events that lead to 

allodynia in female rodent subjects [93]. While prior reports demonstrate a functional T cell 

role in mediating pain after peripheral nerve injury occurs in males [8,17,22,39,54,88], it is 

the microglia/monocytes suspected to be key drivers over T cells in male mice/rats models.

While speculative, PAE-exposed females may be more susceptible to T-cell driven 

neuropathic pain. The augmented pro-inflammatory cytokines and deficiency in IL-10 

observed in response to peripheral nerve injury may reflect exaggerated/dysregulated T-cell 

function in PAE animals, as IL-10 is a key regulatory cytokine produced by T-cells to 

suppress pro-inflammatory responses or immunopathology (for review [23]). LFA-1 and 

CD11b expression on T-cells have been shown to have functional importance for T-cell 

activation and T-cell differentiation to Treg or T-helper 17/TH17 T cells [105,106,108]. 

LFA-1 is also crucial for Th17 lymphocyte migration into the CNS [80]. Therefore, it is 

possible that PAE also alters LFA-1 and CD11b expression on T cells thereby altering T-cell 

function and migration to the CNS. Although the current report does not address the spinal 

action of other immune cells in males vs. females, the current findings provide a framework 

for future studies to address whether T-cell actions that traffic to the spinal and DRG regions 

are altered by PAE and thereby exacerbating allodynia. Specifically, a close examination of 

T-cell-specific cytokines such as IL-17A, which enhances IL-1 and TNF-α release from 

macrophages [52,96] may reveal a unanticipated mechanism by which PAE potentiates 

allodynia in females with CCI-induced neuropathy while remaining unaltered in males. 

Moreover, IL-23 and IL-15 that regulate IL-17 [56] can be examined to understand the local 

cellular cytokine/chemokine milieu.
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A key finding in the current report is the observation of bilateral allodynia despite localized 

ipsilateral sciatic nerve damage. These behavioral observations strongly suggest that key 

pathological changes are occurring in the spinal cord because no proinflammatory cytokine 

changes were observed in the contralateral sciatic nerve or DRGs. Mirror pain (mechanical 

hypersensitivity on the uninjured mirror-image side of the body) has been reported clinically 

and observed in various animal pain models (for review [47]). In animal models, the 

pathogenesis of mirror image allodynia likely involves activated astroglial networks that 

communicate by gap-junctions to more distant sites such as the contralateral spinal cord, 

thereby affecting deeper lamina 5 wide dynamic range projection neurons. Evidence exists 

that spinal-glial activation; glial–neuronal interactions and extensive gap junctional 

connectivity of spinal glia contribute to contralateral neuropathic pain [50,94]. Moreover, 

released inmmunomodulatory cytokines can also be transported via the cerebrospinal fluid 

[64] to the contralateral spinal cord. In support of these possibilities, increased inflammatory 

cytokine expressions in the contralateral spinal cord have been detected that displays a cyclic 

pattern and often for a brief time course at a smaller magnitude than the ipsilateral side of 

injury [55,58,81,98].

4.3. Conclusions

We provide compelling evidence that moderate PAE potentiates adult-onset chronic 

allodynia. Additionally, PAE primes spinal glial and immune cells. In these same PAE rats, a 

robust decrease in anti-inflammatory cytokine IL-10 protein at the sciatic nerve lesion site 

and corresponding lumber DRGs occurs with a simultaneous increase in sciatic nerve 

proinflammatory IL-1β, IL-6 and TNF-α. These data indicate that PAE shifts the 

neuroimmune response towards proinflammatory properties and augments glial cell function 

to injury. Further, the current report shows PAE exerts significant and long-lasting effects on 

innate and possibly adaptive immunity that may induce susceptibility to chronic CNS 

pathological conditions such as neuropathic pain. These observations highlight how 

physiological adaptations of the fetus in response to adverse in utero conditions such as 

alcohol exposure may lead to long-term consequences of altered neuroimmune responses to 

subsequent immune challenges in their adulthood. These data also highlight potential 

contributing factors underlying why some individuals are more prone to develop chronic 

neuropathic pain than others [48].
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Highlights

• Moderate prenatal alcohol exposure (PAE) potentiates adult-onset sciatic 

nerve damage- induced chronic neuropathic pain.

• PAE induces exaggerated glial activation in the anatomically relevant spinal 

cord region (lumbar spinal cord) following peripheral nerve injury.

• PAE increases major histocompatibility complex II (MHCII) and β-integrin 

adhesion molecules-expressing spinal glia and leukocytes, indicative of PAE 

related spinal immune cell activation.

• PAE potentiates pro-inflammatory cytokine levels in the sciatic nerve 

ipsilateral to chronic constriction injury.

• Blunted IL-10 levels were detected in the ipsilateral sciatic nerve and 

corresponding dorsal root ganglia in neuropathic PAE offspring.
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Figure 1. Prenatal alcohol exposure (PAE) potentiates allodynia in adult rats following Chronic 
Constriction Injury (CCI)
Absolute threshold behavioral responses for (a) ipsilateral and (b) contralateral hindpaws are 

shown. At baseline (BL), responses to low threshold mechanical stimuli were similar in all 

groups (ipsilateral, F1,36= 1.877, P =0.179; contralateral, F1,36= 1.228, P = 0.275), regardless 

of PAE or saccharin (Sac) treatment. Statistics show a main effect of alcohol exposure from 

data collected from the ipsilateral hindpaw [F1,36 = 12.009, P = 0.001] but not in the 

contralateral hindpaw [F1,36 = 4.169, P = 0.049]. There was a main effect of CCI surgery 

[ipsilateral, F1,36 = 311.943, P < 0.001; contralateral, F1,36 = 54.554, P < 0.001]. In addition, 

an interaction between alcohol exposure and CCI surgery only in the ipsilateral hindpaw 

[ipsilateral, F1,36 = 5.246, P = 0.028; contralateral, F1,36 = 1.383, P = 0.247] is observed. 

Comparison of treatment groups post-surgery demonstrate a larger increase in sensitivity 

following CCI in PAE animals compared to their Sac-CCI counterparts where a main effect 

of alcohol exposure in the ipsilateral hindpaw [ipsilateral, F1,36 = 12.938, P = 0.001; 

contralateral, F1,36 = 4.003, P = 0.053] is observed. In addition, a main effect of CCI surgery 

[ipsilateral, F1,36 = 347.595, P < 0.001; contralateral, F1,36 = 58.406, P < 0.001] and an 

interaction of alcohol exposure and CCI surgery in the ipsilateral paw [ipsilateral, F1,36 = 

8.312, P = 0.007; contralateral, F1,36 = 1.928, P = 0.174] was revealed. N=10 rats in each 

group.
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Figure 2. PAE results in heightened glial activation following CCI
Immunohistochemical (IHC) quantification was used to assess activation of astrocytes 

(GFAP) and microglia/macrophages (Iba1) in squad 2 animals. Images analyzed contained 

only true signal (i.e. fluorescence outside the spectrum of interest was omitted). The sum 

intensity within the region of interest (i.e. lumbar spinal cord dorsal horn) was used to 

determine overall activation. (a) Top panel: representative cross-section of an H&E stained 

L4 spinal cord with the dorsal horn subjected to analysis outlined in the black box. Lower 

panels: GFAP stained lumbar spinal cord sections (ipsilateral) from each experimental 

condition with images taken using a 20X objective. (b) Image analysis of acquired IR 

images that include the representative images in (a). PAE-CCI treated spinal cords display 

exaggerated astrocyte activation. PAE treatment elevates GFAP (ipsilateral: F1,11 = 6.885, P 

= 0.0237; contralateral: F1,12 = 20.55, P = 0.0007) and CCI elevates GFAP (ipsilateral: F1,11 

= 11.49, P = 0.0060; contralateral: F1,12 = 43.88, P < 0.0001). Compared to PAE sham 

treatment, GFAP IR is elevated in PAE with CCI (95% CI: ipsilateral [−1340, −290], 

#P=0.0058 and contralateral [−967.3, −513], ##P<0.0001). Additionally, compared to Sac 

CCI treatment, GFAP IR is significantly elevated in PAE with CCI treatment (95% CI: 
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ipsilateral [−1215, −165.5], *P=0.0146 and contralateral [−813.2, −359], **P=0.0001). N = 

3–4 rats per group. (c) Representative Iba-1 (microglia) stained lumbar spinal cord sections 

(ipsilateral) from each experimental condition, images taken with a 20X objective. (d) Image 

analysis of acquired IR images that include the representative images in (c). While Iba-1 IR 

is significantly increased in animals with chronic allodynia (ipsilateral: F1,12 = 19.52; P = 

0.0008; contralateral, F1,12 = 11.01, P = 0.0061), PAE also significantly increased Iba-1 IR 

(ipsilateral, F1,12 =5.197, P = 0.0417). PAE-CCI animals displayed significantly heightened 

microglial activation compared to Sac-Shams (95% CI: ipsilateral [−698.2, −258.2], 

*P=0.0005 and contralateral [−670.1, −111.4], *P=0.01) and to Sac-CCI (95% CI: ipsilateral 

[−498.7, −58.75], #P = 0.017). N = 4 rats per group.
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Figure 3. PAE potentiates chronic allodynia
At baseline (BL), (a) ipsilateral and (b) contralateral threshold responses are similar between 

all groups (ipsilateral, F1,16 = 1.209, P = 0.288; contralateral, F1,16 = .036, P = 0.852). 

Following CCI surgery, both PAE and Sac control animals displayed significantly increased 

hindpaw sensitivity on Days 3, 10, 15, 18, 23, and 28 post-surgery where there was a main 

effect of alcohol exposure [ipsilateral, F1,16 = 84.616, P < 0.001; contralateral, F1,16 = 

138.980, P < 0.001], CCI surgery [ipsilateral, F1,16 = 787.072, P < 0.001; contralateral, F1,16 

= 1180.917, P < 0.001], and an interaction between alcohol exposure and CCI surgery 

[ipsilateral, F1,16 = 82.506, P < 0.001; contralateral, F1,16 = 103.264, P < 0.001]. Compared 

to Sac animals, PAE animals displayed the greatest degree of hindpaw sensitivity following 

CCI surgery where a main effect of alcohol exposure [ipsilateral, F1,16 = 93.167, P < 0.001; 

contralateral, F1,16 = 149.318, P < 0.001], CCI surgery [ipsilateral, F1,16 = 857.901, P < 

0.001; contralateral, F1,16 = 1258.469, P < 0.001] is observed, and an interaction between 

alcohol exposure and CCI surgery [ipsilateral, F1,16 = 92.780, P < 0.001; contralateral, F1,16 

= 110.212, P < 0.001].
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Figure 4. PAE alters cellular activation of microglia/macrophages in animal with chronic 
allodynia
Lumbar spinal cord tissues were collected on Day 28 post-surgery and a spinal cord single 

cell suspension was generated. (a) The total number of viable spinal glia/leukocytes was 

increased in CCI animals compared to Sham-treated animals, with the most robust increase 

observed in PAE-CCI compared to Sac-Sham (95% CI: [−29.39, −9.983], # p=0.0001) and 

Sac-CCI (95% CI: [−21.55, −2.143], *p=0.0143). (b) CD11b geometric mean fluorescence 

intensity (GMFI) for lumbar microglia (CD11bhighCD45low-med) is increased following CCI 

(a main effect of CCI; F 1, 16 = 19.2, P = 0.0005) and PAE (a main effect of PAE; F 1, 16 = 

8.0, P = 0.01) with the greatest increase observed in PAE + CCI treated rats (95% CI: 

[−15009, −5895], * p=0.0002 compared to Sac-Sham), indicating augmented microglial 

action. (c) The GMFI in macrophages (CD11bhighCD45hi) is significantly upregulated 

following CCI (a main effect of CCI; F 1, 16 = 25.5, P = 0.0001) and PAE (a main effect of 

PAE; F 1, 16 = 6.03, P = 0.02), with significantly increased CD11b intensity observed in PAE 

+ CCI compared to those from Sac-CCI animals (95% CI: [−19325, −4517], **P < 0.003). 

Data are presented as mean ± SEM, numbers of animals used are indicated on each bar.
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Figure 5. Expression of CCL2, integrins and MHC2 are altered in CD11b+ cells in PAE animals 
with chronic allodynia
(a) Splenic cells were stimulated with PMA/Ionomycin in vitro and intracellular CCL2 were 

detected by flow cytometry. Bar graph represents percent of CCL2+CD45+CD11b+ 

leukocytes indicating both PAE (F1,16 = 22.5, P = 0.0002) and neuropathy (F1,16 = 13.5, P = 

0.002) significantly induced CCL2 expression. The greatest increase in CCL2+ leukocytes 

were observed in PAE-CCI group, compared to Sac-CCI animals (95% CI: [−10.2, −2.67], 

*P = 0.002). (b) Data of LFA-1+CD11b+ cellular proportions are represented as a bar graph, 

which reveals significant increase in LFA-1 positivity on CD11b+ PECs under chronic CCI-

induced neuropathy (F1,16 = 11.8, P = 0.003) and in PAE-treated rats (F1,16 = 13.2, 

P=0.002). The LFA-1+ CD11b+ cells were significantly increased in PAE-CCI group, 

compared to Sac-CCI animals (95% CI: [−27.8, −1.12], *P = 0.03). (c) Live CD11b+ spinal 

leukocytes were analyzed for expression of LFA-1. Data of LFA-1+Cd11b+ scatterplot 

proportions are represented as a bar graph revealing increase in LFA-1 positivity on lumbar 
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immune cells under chronic CCI-induced neuropathy (F1,8 = 8.891, P = 0.017) and in PAE-

treated rats (F1,8 = 7.736, P=0.02). The LFA-1+ CD11b+ cells were significantly increased in 

PAE-treated group, *P=0.03 and **P=0.005 compared to Sac-Sham. (d) Data of CD29 

scatterplot proportions are represented as a bar graph, revealing CD29 is significantly 

upregulated in animals under CCI-induced neuropathic conditions (F1, 12 = 5.24, P = 0.045) 

and also in those with PAE treatment (F1, 12 = 15.69, P = 0.0019), *P=0.003 and 

**P=0.0008 compared to Sac-Sham group. (e) Representative LFA-1 vs. CD11b scatterplots 

(from two independent experiments) for each condition are shown. The mean proportion of 

CD11b+LFA-1+ cells is indicated as a percentage. (f) Representative CD29 vs. CD11b 

scatterplots (from two independent experiments) are shown with the mean proportion of 

CD11b+CD29+ cells indicated as a percentage. (g) Bar graph of proportions of 

CD11b+MHC2+ cells in lumber spinal cord. PAE significantly induced MHCII expression 

(F1,8 = 13.59, P = 0.0062), *P=0.004 and **P=0.006 compared to Sac-Sham group. h) Bar 

graph of CD11b+MHC2+ on peripheral blood mononuclear cells (PBMNs). Both PAE and 

neuropathy significantly induced MHCII expression on PBMNs (F1,8 = 8.7, P = 0.02 for 

PAE and F1,8 = 6.5, P = 0.03 for neuropathy). *P=0.03 compared to Sac-Sham group. i) Bar 

graph of CD11b+MHC2+ on peritoneal exudate cells (PEC). MHC2 expression is increased 

on PECs following PAE (F1,8 = 5.6, P = 0.04) and following neuropathy (F1,8 = 30.5, P = 

0.006). A significant increase of MHC2 expression was observed in PAE+CCI rats, 

compared to Sac-CCI group, (95% CI: [−55.4, −1.9], *P=0.039). All bar graphs are 

presented as mean ± SEM, numbers of animals used are indicated on each bar.
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Figure 6. PAE animals express higher levels of proinflammatory mediators in the sciatic nerve 
(SCN) following neuropathy
Ipsilateral SCNs were collected on Day 28 after surgery and examined by multiplex protein 

analysis for levels of proinflammatory cytokines and the chemokine, CXCL1. Protein 

content is represented as picograms of target protein per 100μg of total protein. Data for (a) 

interleukin-1β (IL-1β), (b) IL-6, (c) tumor necrosis factor α (TNFα) and (d) C-X-C motif 

chemokine ligand 1 (CXCL1) protein content are represented. Proinflammatory cytokines 

were significantly increased in CCI-induced neuropathic animals, specifically for IL-1β 
(F1, 16 = 361.9, P < 0.0001), IL-6 (F1, 16 = 54.7, P < 0.0001), TNFα (F1, 16 = 100.7, P < 

0.0001) and CXCL1 (F1, 16 = 29.69, P < 0.0001). CXCL1 levels increased significantly in 

Sac-CCI and PAE-CCI group, #P=0.006 compared to Sac-Sham group and ##P=0.0003, 

compared to PAE-Sham. Moreover, PAE-CCI animals expressed the greatest increase in 

protein IL-1β, IL-6 and TNFα levels compared to Sac-CCI animals (95% CI: IL-1β 
[−11.77, −3.96]; IL-6 [−7.14, −0.32] and TNFα [−3.06, −0.072], *P = 0.04, **P = 0.006). 

Data are presented as mean ± SEM [103].
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Figure 7. Interleukin-10 protein expression is dysregulated the sciatic nerve and DRG in 
neuropathic PAE animals
Ipsilateral SCN and ipsilateral lumbar (L4-L6) dorsal root ganglia (DRGs) were collected on 

Day 28 post-surgery and analyzed for IL-10 using multiplex protein analysis. IL-10 protein 

content is represented as picograms of IL-10 per 100μg of total protein. (a) Following 

examination of ipsilateral DRG IL-10 levels, a main effect of PAE (F1,15 = 5.13, P = 0.0002) 

and CCI (F1, 15 = 6.61, P = 0.02) was observed with a blunting IL-10 expression. The lowest 

levels of DRG IL-10 protein were observed in PAE-CCI treated rats compared to Sac-treated 

CCI rats (95%CI: [2.679, 9.820], *P = 0.02). (b) IL-10 protein content in ipsilateral SCNs 

demonstrate a significant compensatory increase in IL-10 levels in nerves from Sac-treated 

rats with CCI-induced neuropathy (F 1,16 = 61.65, P < 0.0001). However SCNs from PAE 

rats expressed far less protein IL-10 (F1,16 = 32.23, P < 0.0001), with the most diminished 

IL-10 levels observed in PAE- CCI rats compared to Sac-CCI [95%CI: 0.916, 1.59], **P < 

0.0001). Data are presented as ± SEM.
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