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Abstract. Elucidating molecular pathways regulating neuroimmune communication is 32 

critical for therapeutic interventions in conditions characterized by overactive immune 33 

responses and dysfunctional autonomic nervous system. We generated a bone marrow-34 

specific adrenergic beta 1 and beta 2 knockout mouse chimera (AdrB1.B2 KO) to 35 

determine how sympathetic drive to the bone affects transcripts and miRNAs in the 36 

hypothalamic paraventricular nucleus (PVN). This model has previously exhibited a 37 

dampened systemic immune response and decreased blood pressure compared to 38 

control animals. Reduced sympathetic responsiveness of the bone marrow hematopoietic 39 

cells of AdrB1.B2 KO chimera led to suppression of transcriptional networks that included 40 

leukocyte cell adhesion and migration and T cell-activation and recruitment. 41 

Transcriptome responses related to IL-17a signaling and the renin-angiotensin system 42 

(RAS) were also suppressed in the PVN.  Based on the transcriptome response, we next 43 

computationally predicted miRNAs in the PVN that may underscore the reduced 44 

sympathetic responsiveness of the bone marrow cells. These included miR-27b-3p, miR-45 

150, miR-223-3p, and miR-326. Using real-time PCR, we measured a downregulation in 46 

the expression of miR-150-5p, miR-205-5p, miR-223-3p, miR-375-5p, miR-499a-5p, miR-47 

27b-3p, let-7a-5p, and miR-21a-5p in the PVN of AdrB1.B2 KO chimera, confirming 48 

computational predictions that these miRNAs are associated with reduced neuro-immune 49 

responses and the loss of sympathetic responsiveness in the bone marrow. Intriguingly, 50 

directional responses of the miRNA corresponded to mRNAs, suggesting complex 51 

temporal or circuit-dependent posttranscriptional control of gene expression in the PVN. 52 

This study identifies molecular pathways involved in neural-immune interactions that may 53 

act as targets of therapeutic intervention for a dysfunctional autonomic nervous system.  54 
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Introduction 59 

Many conditions are marked by autonomic nervous system dysfunction and 60 

aberrant immune responses, including cardiovascular, metabolic and neurological 61 



conditions (2, 12, 44). The central nervous system (CNS) is a primary control center of 62 

neuro-immune communication, as generation of the sympathetic input within brain 63 

regions such as the periventricular nucleus (PVN) affects visceral and peripheral immune 64 

tissues including the bone marrow. During homeostasis, immune cell proliferation, 65 

maturation, and release from the bone are in part regulated by the sympathetic nervous 66 

system via adrenergic beta 1 and beta 2 receptors (21, 22, 29). An increase in the 67 

sympathetic drive in conditions like hypertension and heart failure contributes to 68 

exaggerated bone marrow-associated immune responses and consequent infiltration of 69 

activated immune cells into tissues including the brain (3, 18), which can lead to 70 

neuroinflammatory responses that negatively impact neuronal function.   71 

Our previous studies described a chimera bone marrow model that is 72 

characterized by a reduced effect of the sympathetic drive to the bone hematopoietic cells 73 

(4, 40). As a consequence of this, the chimera mice show suppressed expression of 74 

immune gene networks in the bone marrow, reduced circulating levels of inflammatory T 75 

cells, macrophages and neutrophils, and lower blood pressure at night when the mice are 76 

most active (4).  In addition, these mice present with a marked reduction in tissue-77 

infiltrating inflammatory cells and suppression in immune transcriptome networks in the 78 

host gastrointestinal (GI) system, which is also associated with a shift in the gut bacterial 79 

richness towards more beneficial microbiota (40). Taken together, these data suggest 80 

that dampening of the sympatho-immune interaction in the bone marrow leads to 81 

immunosuppression that can in turn affect the cardiovascular and GI function. 82 

Conversely, sympatho-activation of the bone marrow immune responses resulted in 83 

infiltration of the immune cells into the PVN, which was associated with 84 

neuroinflammation and further increase in the sympathetic drive in a rodent model of 85 

hypertension (3).  Thus, both peripheral and central neuro-immune interaction are critical 86 

in maintaining physiological homeostasis of the sympathetic and autonomic nervous 87 

system. However, the molecular mechanisms underlying neuro-immune communication 88 

in the brain, i.e. the glial-neural communication as opposed to sympatho-immune 89 

communication in the bone, are not fully elucidated. 90 



 The main objective of this study was to characterize the molecular networks in the 91 

PVN of mice that have been treated with bone marrow ablation and reconstitution 92 

approaches leading to reduced sympathetic responsiveness of the bone marrow 93 

hematopoietic cells. This novel model allows us to isolate the effects of bone marrow-94 

derived immune cells on the PVN. Based upon our previous transcriptome studies in the 95 

bone and gastrointestinal system of this model (4, 40), and our previous studies showing 96 

neuroinflammatory effects of infiltrating activated bone marrow immune cells in 97 

hypertensive rat models (3, 31), we hypothesized that reduction in bone marrow 98 

sympathetic responsiveness would suppress immune-associated transcriptome networks 99 

in the PVN. In addition, we evaluated specific microRNAs that may regulate the changing 100 

transcriptome in the PVN as data suggest that miRNAs are important in the etiology of 101 

neuroinflammatory processes (14, 35). We used a two-tiered approach and first 102 

leveraged a computational approach to predict miRNA regulators of the transcriptome 103 

response in the PVN and subsequently quantified expression of candidate miRNAs using 104 

real-time PCR. These molecular data may shed light into central neural responses 105 

associated with reduced sympathetic responsiveness of the bone marrow cells. 106 

2. Methods 107 

2.1 Animal models 108 

All experimental procedures were approved by the University of Florida Institute of Animal 109 

Care and Use Committee and complied with the standards stated in the National Institutes 110 

of Health Guide for the Care and Use of Laboratory Animals. Male mice (from 6 weeks 111 

old) were housed separately, in a temperature-controlled room (22°C to 23°C) with a 112 

12:12-hour light-dark cycle, in specific-pathogen free cages, and had access to standard 113 

chow and water ad libitum.  114 

2.2 Generating beta 1 and 2 adrenergic receptor knock out (KO) BM chimera mice 115 

We utilized a novel BM chimera mouse model in order to specifically and solely block the 116 

effects of sympathetic nervous system on bone marrow immune cells, and subsequently 117 

investigate molecular mechanisms of immune-neural interaction in the PVN. Eight-week 118 



old male AdrB1tm1BkkAdrB2tm1Bkk/J, stock number 003810, were purchased from the 119 

Jackson Laboratory. These mice are homozygous null for the adrenergic receptor beta 1 120 

(Adrb1) and beta 2 (Adrb2) genes, are viable, fertile, normal in size, and do not display 121 

any gross physical or behavioral abnormalities. Furthermore, these mice have no 122 

reported differences in hematopoiesis compared to normal mice (4). Mice were 123 

euthanized, and the whole bone marrow was extracted using established methods (4, 124 

40). Whole bone marrow cells from AdrB1tm1BkkAdrB2tm1Bkk/J mice were reconstituted to 125 

near lethally-irradiated (X ray, 950 Rad) six weeks old male C57BL/6J mice using a single 126 

retro-orbital injection at a ratio of 1:4 (donor:recipient), to generate the bone marrow 127 

AdrB1.B2 KO chimera mice. Control chimera mice (C57 chimera) were generated by 128 

reconstitution of C57BL/6J whole bone marrow cells into sub lethally-irradiated age- and 129 

sex-matched C57BL/6J mice using comparable irradiation and reconstitution protocols. 130 

The success of bone marrow ablation and reconstitution was confirmed by real time PCR 131 

in the circulating mononuclear cells (MNCs) using Taq Man primers for the Adrb1 and 132 

Adrb2 receptors (ThermoFisher Scientific catalogue#4331182) as before (4). All 133 

reconstituted mice were allowed to recover for 3 months prior to brain tissue collections. 134 

2.3 RNA extraction from PVN of mice for microarray analysis 135 

All mice were euthanized using isoflurane prior to whole brain extraction. Mouse brain 136 

slicer matrix (Zivic Instruments, PA, USA) was used to extract one coronal slice per 137 

mouse that encompassed 1mm of tissue with borders of the pituitary stalk as a rostro-138 

caudal landmark. The PVN was punched out in each mouse at the 3rd ventricle and 139 

combined bilaterally for RNA extraction.  Extraction of RNA from the PVN was performed 140 

using 1 mL TRIzol® Reagent (Life Technologies, Carlsbad, CA) as per manufacturer’s 141 

protocol and our previous methods (4). Final nucleic acid pellets were resuspended in 30 142 

µL RNAse-DNAse free water. Total RNA integrity for all samples used in microarray and 143 

real-time PCR analyses was determined using the RNA 6000 Nano Assay Kit with the 144 

2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).  The mean RNA integrity 145 

value for all samples used in the study was 9.41 (SEM ± 0.11).   146 

2.4 Mouse PVN microarray analysis and bioinformatics 147 



The SurePrint G3 Mouse GE 8x60K Microarray Kit (Agilent Product Number, G4852A 148 

Design ID 028005) was used to determine differentially expressed transcripts (n=8 per 149 

group). Briefly, RNA was purified using the RNeasy Mini Kit as per manufacture’s protocol 150 

(Qiagen, Valencia, CA, USA). Microarray hybridizations were performed using high 151 

quality RNA (RIN>8) according to the One-Color Microarray-Based Gene Expression 152 

Analysis Low Input Quick Amp Labeling kit (Agilent V6.5, May 2010). Approximately 50 153 

ng total RNA per sample was labelled and hybridized as per our previous publications 154 

(40). Microarrays were scanned at 5 μM with the Agilent G2505C Microarray Scanner. 155 

Raw signal intensities were extracted using the Agilent Feature Extraction Software (v. 156 

10.1.1.1). All arrays were deemed high quality following manual inspection and quality 157 

control. Raw microarray data have been deposited into the NCBI Gene Expression 158 

Omnibus (GEO) database (Series GSE71633, GPL13912 Agilent-028005 SurePrint G3 159 

Mouse GE 8x60K Microarray). Raw intensity data were imported into JMP® Genomics 160 

v7.0 (SAS Institute Inc., Cary, NC, USA).  Intensity data were normalized using quantile 161 

normalization. Control probes were filtered out prior to identifying differentially expressed 162 

genes (DEGs) and the limit of detection was set to an intensity of 2.2 based on the Agilent 163 

spike in controls. Any probe falling below this value was assigned a normalized intensity 164 

of 2.2. DEGs were identified using a one-way analysis of variance (ANOVA) followed by 165 

a false discovery rate (FDR) set at 5.0%.  166 

Cluster analysis was conducted in JMP Genomics v7.0 using all gene data. Two-167 

way clustering using the Fast ward algorithm was conducted after each row was centered 168 

to a mean of zero (0) and variance scaled to one. Pathway Studio 9.0 (Elsevier) and 169 

ResNet 10.0 were utilized for sub-network enrichment analysis (SNEA) as per Ahmari 170 

and colleagues (4). The option of “best p-value, highest magnitude fold change” was 171 

selected for handling multiple probes of the same gene.  There were 32,734 mouse 172 

probes successfully mapped using the official gene name in Pathway Studio. The SNEA 173 

was used to determine which gene networks were perturbed in the PVN. A Kolmogorov–174 

Smirnov test with 500 permutations was conducted to determine whether certain 175 

networks were preferentially regulated compared to the background reference probability 176 

distribution. The enrichment P-value for a gene seed was set at P < 0.05.  Lastly, we 177 



conducted an in silico analysis in Pathway Studio (default settings) by querying, what the 178 

predicted posttranscriptional miR regulators for the observed transcriptional response 179 

were. 180 

2.5 Real-time PCR validation of mouse transcripts  181 

For mouse microarray validation, primer sets from target genes were collected from 182 

primerbank (Supplemental Table T1) (https://figshare.com/s/072e26dcb265d4d48d63, 183 

10.6084/m9.figshare.11495076) (38). Transcripts that showed significant changes in 184 

expression levels were selected for microarray validation. The genes investigated 185 

included Tnnt1 (Troponin T1, Slow Skeletal Type) and Prkcd (Protein Kinase C Delta) 186 

due to their high fold change in the PVN following bone marrow reconstitutions (N=7-187 

8/group). PCR was performed on CFX96 Touch™ Real-Time PCR Detection System 188 

(Bio-Rad, Hercules, California). The PCR conditions were as follows: 95 °C for 3 min, 189 

followed by 40 cycles of 95 °C for 30s, primer annealing at 60 °C for 30s, and 72 °C for 190 

30s. Dissociation curves were generated, starting at 65 °C and ending at 95 °C with 191 

increments of 0.5 °C every 5 s. Gene expression was normalized to Gapdh and was 192 

determined using the relative ΔΔCt method (19) based on the method described. No 193 

reverse transcriptase control was used to assess presence of genomic DNA 194 

contamination. 195 

 196 

2.6 miRNA quantification 197 

Total RNA obtained from the previously described TRIzol® Reagent procedure was used 198 

to synthesize cDNA with HiFlex buffer using the miScript II RT kit (Qiagen, Toronto, ON, 199 

Canada) according to the manufacturer’s instructions. Specific miRNAs were 200 

subsequently quantified using the miScript SYBR Green PCR kit (Qiagen) with miRNA-201 

specific forward primers and a universal reverse primer (Supplemental Table T2 202 

(https://figshare.com/s/072e26dcb265d4d48d63, 10.6084/m9.figshare.11495076). A 203 

standard curve consisting of serial dilutions of pooled cDNA, as well as a negative no-RT 204 

control consisting of cDNA generated in a reaction that did not include reverse 205 

transcriptase was run in duplicate. Reactions were run on a CFX96 instrument (Bio-Rad) 206 



with a total volume of 25 μl containing 2.5 μl cDNA, 2.5 μl of 10 μM miRNA specific primer, 207 

2.5 μl miScript Universal Primer, 12.5 μl 2x QuantiTect SYBR Green PCR Master Mix 208 

(Qiagen), and 5 μl H2O, according to the manufacturer’s instructions. Cycling parameters 209 

were a 15 min 95 °C activation step, followed by 40 cycles of 15s incubation at 94 °C, 30s 210 

at a primer specific annealing temperature 55-60 °C, and 30s at 70 °C. After each assay 211 

run, specific melting curves were produced by a gradual increase in temperature from 65 212 

°C to 95 °C in 0.5 °C increments every 5s. The final curves were monitored for single 213 

peaks to confirm the specificity of the reaction and the absence of primer dimers. Relative 214 

transcript abundance derived from standard curves was normalized using the NORMA-215 

Gene approach as described by Heckmann and colleagues (16). Afterwards, miRNA fold 216 

changes were calculated relative to the control group and data were analyzed and plotted 217 

using Prism Version 7 (Graphpad Software, San Diego, CA, USA). An unpaired t-test was 218 

conducted to determine if there were significant differences in specific miRNA expression 219 

between groups (P<0.05). 220 

3. Results 221 

3.1 Gene expression profiling in PVN of AdrB1.B2 KO chimera mice 222 

There were 477 probes that were differentially expressed in the PVN, which represented 223 

457 unique transcripts (p<0.05, FDR corrected) (Supplemental Data 1 224 

(https://figshare.com/s/834c2b06aacb6b8162e3, 10.6084/m9.figshare.11495079). 225 

Examples of transcripts with decreased abundance in the PVN of the AdrB1.B2 KO 226 

chimera mice compared to C57 chimera mice included WAP four-disulfide core domain 227 

17 (Wfdc17, -8.8-fold), Integrin, Alpha X (Complement Component 3 Receptor 4 Subunit) 228 

(Itgax, -3.9 fold), and Signal-Regulatory Protein Beta 1 (Sirpb1a, -2.9 fold). Transcripts 229 

that were up-regulated in the PVN of the AdrB1.B2 KO chimera mice compared to the 230 

control C57 chimera mice included interferon activated gene 202B (Ifi202b, 2.3-fold), 231 

Cathepsin E (Ctse, 6.7-fold), and glycerophosphodiester phosphodiesterase domain 232 

containing 3 (Gdpd3, 7.1-fold). When clustering data, transcript profiles for each of the 233 

two groups did not separate completely by treatment (Supplemental Figure S1 234 

(https://figshare.com/s/072e26dcb265d4d48d63, 10.6084/m9.figshare.11495076). 235 



Nevertheless, there were a number of transcriptional networks that were differentially 236 

expressed in the two groups following bone marrow reconstitution, demonstrating that 237 

suppression of the sympathetic drive to the bone alters transcriptional responses in the 238 

PVN. Both Tnnt1 (Troponin T1, Slow Skeletal Type) and Prkcd (Protein Kinase C Delta) 239 

were confirmed to be decreased in expression based on microarray and real-time PCR 240 

(Supplemental Figure S5 (https://figshare.com/s/072e26dcb265d4d48d63, 241 

10.6084/m9.figshare.11495076).  242 

3.2 Transcriptional networks related to the immune system were suppressed in the PVN 243 

of AdrB1.B2 KO chimera mice 244 

Transcripts related to the IS were significantly altered in the PVN of AdrB1.B2 KO chimera 245 

mice (Supplemental Data S2 (https://figshare.com/s/964aac0cb47e05ccc45e, 246 

10.6084/m9.figshare.11495082).  We investigated closely key transcripts that were 247 

altered in the PVN, and their relationship to angiotensin (Agt) and the expression levels 248 

of Il17, Il17r A and B, tumor necrosis factor receptor (Tnfr), CD4, and NF kappa B1 (Nfkb1) 249 

were all decreased as a network (Figure 1). In addition, a gene network related to 250 

“activation of microglia” was also decreased in expression in the PVN (Figure 2), along 251 

with networks related to macrophage chemotaxis, macrophage function, and 252 

macrophage response (Supplemental Data S2 253 

(https://figshare.com/s/964aac0cb47e05ccc45e, 10.6084/m9.figshare.11495082).  254 

The expression of gene networks related to lymphocytes and T cells were also reduced 255 

in relative transcript abundance in the PVN of AdrB1.B2 KO chimera mice compared to 256 

controls. Transcripts involved in lymphocyte activation, lymphocyte adhesion, T cell 257 

activation, T cell development, T cell recruitment, and T cell tolerance were decreased in 258 

the PVN of AdrB1.B2 KO chimera mice (Supplemental Table 3 259 

(https://figshare.com/s/072e26dcb265d4d48d63, 10.6084/m9.figshare.11495076). Other 260 

cell processes that were differentially expressed included viral transmission, complement 261 

activation-alternative pathway, neutrophil activation, mast cell degranulation, and B-cell 262 

activation, further suggesting that, in general, there was an overall suppression of 263 

transcripts related to the immune system. Despite the majority of immune-related 264 

processes being down-regulated, there were some networks that were increased in 265 



median expression and those included immune system responses such as lymphocyte 266 

homeostasis, immunocompetence, and immunological surveillance (Supplemental 267 

Table S3 (https://figshare.com/s/072e26dcb265d4d48d63, 268 

10.6084/m9.figshare.11495076). 269 

3.3 Cell processes related to glia and neuronal function were decreased in the PVN of 270 

AdrB1.B2 KO chimera mice 271 

Based upon the transcriptomics, glia-related processes decreased and included 272 

microglial activation, glial cell development, and glial cell response (Supplemental Table 273 

S3 (https://figshare.com/s/072e26dcb265d4d48d63, 10.6084/m9.figshare.11495076). 274 

Transcripts in these pathways included Tgfb1, Cx3cr1, Fgf2, Acxcl10, Ccl2, Csf2, Csf3, 275 

CD81, Tnf, and Il6. Neuro-related processes were also suppressed by in the PVN of 276 

AdrB1.B2 KO chimera compared to C57 chimera mice, and these processes included 277 

dendritic cell differentiation, neuronal activity, neurogenesis, neuron differentiation, and 278 

peripheral nerve function among others. Transcripts in these pathways included Gdnf, 279 

Ntf3, Igf1, Neurog2, Prl, Runx1, Pomc, among others.  Synapse-related processes were 280 

also decreased and included long-term synaptic depression, action potential duration 281 

transmission of nerve impulse, and generation of action potential. Figure 3 presents a 282 

gene network for glia and neuronal cell processes. All these subnetworks were 283 

significantly altered in AdrB1.B2 KO chimera mice (Supplemental Data 2 284 

(https://figshare.com/s/964aac0cb47e05ccc45e, 10.6084/m9.figshare.11495082).  285 

Lastly, Cell Signaling Pathways, Metabolic Pathways, and Receptor Signaling Pathways 286 

were queried for differential expression and it was determined that select neuropeptide 287 

signaling pathways were altered in the PVN. For example, VasopressinR1 -> STAT 288 

signaling (Supplemental Figure S2 (https://figshare.com/s/072e26dcb265d4d48d63, 289 

10.6084/m9.figshare.11495076), Angiopoietin receptor-> FOXO signaling, Oxytocin 290 

receptor-> ELK-SRF/GATA/AP-1 signaling, and Neurotensin receptor -> ELK-SRF/AP-291 

1/EGR signaling were all decreased in expression in AdrB1.B2 KO chimera mice relative 292 

to controls (Supplemental Figure S2 (https://figshare.com/s/072e26dcb265d4d48d63, 293 

10.6084/m9.figshare.11495076). 294 



3.4 Diseases associated with changes in the PVN transcriptome in AdrB1.B2 KO chimera 295 

mice 296 

There were 214 disease networks affected in the PVN of AdrB1.B2 KO chimera mice 297 

(Supplemental Data 2 (https://figshare.com/s/964aac0cb47e05ccc45e, 298 

10.6084/m9.figshare.11495082). Among these, 169 networks were downregulated in 299 

expression in the PVN, and 45 disease networks were upregulated in the PVN of 300 

AdrB1.B2 KO chimera mice. Of interest, a disease network related to reactive astrocytosis 301 

was significantly downregulated, and included Igf1, Tgfb1, Csf3, Lcn2, and Nf1 genes 302 

within the network.  Astrocyte function was also downregulated in the PVN, and the 303 

associated downregulated transcript included Mmp9, Mmp2, Mapt, Gfap, and Tnf. Other 304 

gene-disease networks that were significantly suppressed following bone marrow 305 

reconstitution included CNS diseases, brain infarction (Supplemental Figure S3 306 

(https://figshare.com/s/072e26dcb265d4d48d63, 10.6084/m9.figshare.11495076), CNS 307 

dysfunction, and neuro-inflammation. Moreover, diseases related to immunotoxicity, 308 

inflammatory lesions, T helper lymphocyte activity, and T cell infiltration were all 309 

downregulated in the PVN of KO chimera. Thus, downregulated gene networks related 310 

to diseases of the immune system were particularly prominent in the PVN of AdrB1.B2 311 

KO chimera mice (Supplemental Data 2 312 

(https://figshare.com/s/964aac0cb47e05ccc45e, 10.6084/m9.figshare.11495082). 313 

3.5 The expression levels of the renin-angiotensin system-associated transcripts are 314 

reduced in the hypothalamus of AdrB1.B2 KO chimera mice 315 

Interestingly, one transcriptional network that was downregulated in the PVN of AdrB1.B2 316 

KO chimera mice was that of the renin-angiotensin system (Ras). Of the 113 known genes 317 

associated with this network, based on evidence presented in the literature we captured 318 

and measured the relative expression of 105 (Supplemental Figure S4 319 

(https://figshare.com/s/072e26dcb265d4d48d63, 10.6084/m9.figshare.11495076). 320 

These genes were downregulated, and included genes involved in hormone signaling 321 

(Igf1, Agt, VIP, Adrb1, Adrb2, Agtr2, Esr1, Esrrg, and Oxt), Immune activation (Il1b, Il6) 322 

and others (Gja5, Tgfb1, Ppara, Epo, Nox1, Mapk8, Nos1). 323 



3.6 miRNA analysis 324 

Based upon the transcriptome analysis, we conducted an in silico analysis to 325 

identify upstream regulators of the transcriptome.  The total number of neighbors are the 326 

transcripts regulated by the miR and the number of measured neighbors depicts those 327 

measured (Table 1). Perhaps most notable from the in silico approach was that many 328 

miRNAs were predicted to downregulate their networks. This was also true for many of 329 

the miRs measured; miR-150-5p (t=2.40, df=14, p=0.0309), miR-223-3p (t=5.21 df=14, 330 

p=0.0001), miR-18a-5p (t=0.8718, df=14, p=0.398), miR-205-5p (t=3.918 df=14, 331 

p=0.0015), miR-375-5p (t=2.733, df=14, p=0.0162), miR-499a-5p (t=3.498, df=14, 332 

p=0.0036), miR-7b-5p (t=0.3194, df=14, p=0.75), miR-27b-3p (t=3.622 df=14, p=0.0028), 333 

let-7a-5p (t=4.010 df=14, p=0.0013), and miR-21a-5p (t=4.82 df=14, p=0.0003). . The 334 

sample size was n=8 per group and consisted of the same samples used in the 335 

transcriptome analysis. 336 

4. Discussion 337 

Our study uncovers several novel findings: (i) chronic genetic ablation of beta 1 338 

and 2 adrenergic receptors in the BM can alter transcriptional networks in the PVN. This 339 

is similar to what has been reported in the gastrointestinal tract of these mice (40); (ii) 340 

Neuro-inflammatory networks in the PVN are dampened with reduced sympathetic 341 

responsiveness of BM cells; (iii) We identify signaling molecules that contribute to 342 

integrated communication between the sympathetic nervous system and BM. Based on 343 

our current data, we hypothesize that miRNAs such as miR-150-5p, miR-205-5p and miR-344 

223-3p may be important in mediating transcriptional responses in the PVN; (iv) Non-345 

inverse relationships between miRNA and their predicted targeted mRNA suggest that 346 

there may be a temporal component that is needed to more completely characterize the 347 

miRNA-mRNA relationships in the PVN following reduced sympathetic responsiveness 348 

of the BM. The molecular entities identified in this study nevertheless act as potential 349 

therapeutic targets for mitigating the effect of immune system in diseases in which an 350 

overactive sympathetic drive is a contributing factor (1, 23, 26, 27). 351 



In our chimera mouse, the effects of the sympathetic drive on the BM have been 352 

reduced following a complete reconstitution of the hematopoietic and immune system 353 

with BM harvested from a beta 1 and 2 adrenergic receptor KO mice. This results in 354 

systemic and tissue-level immunosuppression and reduced blood pressure (4), and a 355 

suppression in transcriptional immune networks in the PVN of ArdB1.B2 KO chimera. 356 

More specifically, gene networks related to general function and activity of macrophages, 357 

lymphocytes, leukocytes, and T cells were reduced in expression. Cell processes that 358 

included microglial activation, glial cell development, and glial cell response were also 359 

downregulated in the KO chimera, including different inflammatory-related transcripts 360 

(e.g. Tgfb1, Cx3cr1, Fgf2, Acxcl10, Ccl2, Csf2, Csf3, CD81, Tnf, and Il6). Downregulation 361 

of such immune-related networks in the PVN corresponded with transcriptional 362 

suppression of neuronal and synaptic function (e.g. neuronal activity, neurogenesis, 363 

neuron differentiation, long-term synaptic depression, action potential duration 364 

transmission of nerve impulse, and generation of action potential).  This is intriguing; while 365 

the hypothalamus was previously considered to be a region of the central nervous system 366 

that did not undergo significant neurogenesis, recent studies in the vertebrate adult brain 367 

suggest that neuronal differentiation and neurogenesis are essential processes needed 368 

to maintaining energy homeostasis and behavior (reviewed in (8)). Indeed, neurons in 369 

this region are regulated by a number of sex steroids, neuropeptides and neurogenic 370 

signaling molecules. Most interesting is that our previous investigations revealed that 371 

neuropeptides are significant factors underlying neurogenic hypertension (43).   372 

The transcriptomic approach in our mouse chimera model identified new pathways 373 

that could be associated with dysfunctional sympatho-immune interaction.  Here, we 374 

report suppression of gene networks associated with diseases such as astrocytosis, CNS 375 

diseases, brain infarction, CNS dysfunction, and neuro-inflammation, among others. It 376 

appears that transcripts associated with these conditions can be initiated or influenced by 377 

changes in systemic immune activity as a function of the effects of the sympathetic 378 

nervous system. We also observed downregulation of a number of RAS-related genes in 379 

the PVN of KO mouse chimera, suggesting that not only can the central angiotensin II 380 

affect the immune system systemically via the sympathetic nervous system (3), but the 381 



systemic immune responses may reciprocally affect the brain RAS at a transcriptome 382 

level. . However, it is entirely possible that lowered the blood pressure alone, which we 383 

have previously shown to occur in this model (4), could produce the observed changes in 384 

gene networks. Further studies are therefore required to elucidate precise mechanisms 385 

of the observed transcriptional changes in the brain, but this opens up avenues for novel 386 

therapies for CNS conditions associated with immune dysfunction. In addition, studies 387 

have revealed connections between neuro-inflammation and neurogenesis in the adult 388 

central nervous system (reviewed in (37)). These data suggest that damage to specific 389 

brain regions can lead to high activity of pro-inflammatory cytokines (different interleukins) 390 

and activation of tumor necrosis factor alpha, further activating microglia, immune cell 391 

infiltration, and neurogenesis. The PVN of chimeric mice may also undergo related 392 

processes following bone marrow reconstitution. Intriguingly, networks related to 393 

neurogenesis and neuro-development were reduced in the PVN which corresponded to 394 

suppression of immune-networks, indicating these processes may be correlated in some 395 

way in the PVN. Thus, systemic immunosuppression observed here may be linked to 396 

suppression of inflammatory networks in the PVN, resulting in altered neuronal activity 397 

which underlies over-active sympathetic drive in different diseases (44). 398 

There is little doubt that miRNAs play central roles in the etiology of human 399 

diseases that involve chronic inflammatory processes, including cardiovascular disease 400 

(39), hypertension (24, 28), obesity (25), and neurodegenerative diseases (20). In the 401 

case of miR-150 for example, we measured 122 out of 140 possible downstream targets 402 

and this miRNA was down-regulated in the PVN of chimera mice.  Studies show that miR-403 

150 can reduce cytokines IL2 and TNF via inhibition of NF-kB signaling (30) under certain 404 

conditions, and that it has a significant role in mediating tumorigenesis and inflammation 405 

(11, 32). Noteworthy is that we observed a suppression in NF-kB signaling, also involved 406 

in regulation of expression of Il-1b, Il17, CCL2 as well as angiotensinogen (AGT) (6, 34, 407 

42). Indeed, it has been reported that anti- TNFα therapy reduced levels of TNFα and 408 

Il17, among others, as well as downregulated miR-223-3p in circulation of rheumatoid 409 

arthritis patients (7), demonstrating association between miRNAs and clinical and 410 

inflammatory parameters. In our model, we also observed downregulation of TNFα, Il17 411 



and miR-223 -3p in the PVN of KO chimera, thus relationships between these molecules 412 

may also exist in neuro-immune pathways, and identifies miR-223-3p as a potential 413 

therapeutic target in control of aberrant immune responses in the brain. Other 414 

differentially expressed miRNAs in the chimera with a role in inflammatory processes 415 

included miR-205-5p (17), miR-375-5p in cardiac infarctions (13), and miR-223-3p (33). 416 

In fact, miR-223-3p reportedly modulates hematopoietic lineage differentiation and is 417 

altered in expression in damaged smooth, skeletal and cardiac muscles, and here we 418 

show that it may also be important in regulation of hypothalamic functions in rodents. 419 

Thus, many of the miRNAs assessed in this study are regulators in inflammatory 420 

processes.  421 

Perhaps most notable from the in silico approach was that many miRNAs were predicted 422 

to downregulate their transcriptional networks. However, the miRNAs measured here with 423 

qPCR were also downregulated, contrary to the expectation of an inverse relationship 424 

between miRNAs and their downstream targets. Several explanations may account for 425 

this observation. Specific miRNAs in the PVN could be acting in coordination with other 426 

factors (e.g. transcription factors) and can form stabilizing or positive correlation loops (9, 427 

41).  Thus, we may be capturing an effort in the PVN to stabilize networks in the face of 428 

changes rather than one that is driving changing in the system. Alternatively, miRNAs are 429 

often involved in negative feedback loops, thus a single snapshot in time may not 430 

represent cause and effect as this is time dependent. Additional time points would be 431 

required to more accurately assess this possibility.  As pointed out by Guo and colleagues 432 

(15), these network interactions are complex and difficult to predict. One miRNA can 433 

regulate multiple mRNAs and this regulation can be reciprocal. What has become clear 434 

over time is that miRNA-mRNA regulatory networks exhibit spatial-temporal patterns of 435 

expression that can be somewhat flexible in dynamics.  436 

 Neuro-immune communication underscores numerous physiological processes 437 

such as blood pressure regulation (3). These data are significant as we identify novel 438 

targets for therapeutic interventions for diseases with a neurogenic origin. For example, 439 

increased sympathetic drive to the viscera including the BM underlies neurogenic 440 

hypertension and there are common molecular targets among studies that may be 441 



beneficial in modifying in order to reduce blood pressure. In a meta-analysis of rodent 442 

models, we discovered that transcriptional networks related to kidney function, lactation, 443 

neuropeptides (feeding and reproduction), and mitochondrial function were prevalent 444 

themes identified as those related to neurogenic hypertension (43). Here, we identify 445 

some of the same neuropeptide signaling pathways (e.g. oxytocin and neurotensin), 446 

which may act as neuro-immune modulators.  447 

Many diseases have neuro-inflammation as a significant contributor to its etiology 448 

and pathology. We identified disease networks and conditions such as astrocyte 449 

dysfunction, central nervous system dysfunction, T-helper lymphocyte activity, neutrophil 450 

accumulation, and neuroinflammation as suppressed in our chimera mouse; we also  451 

revealed a number of novel diseases implicated by the transcriptome response which 452 

included Vitamin A Deficiency, Tobacco Use Disorder, and Autistic Disorder to name but 453 

a few. Interestingly, a role for vitamin A in neurogenerative diseases (10) and autism (5, 454 

36) have been associated with neuroinflammation. There were fewer disease networks 455 

that were up-regulated (e.g. vascular leak syndrome, bone marrow toxicity, Moyamoya 456 

Disease, and Acute insulin response). Taken together, the computational analysis 457 

underscores the importance of neuroinflammatory processes in the CNS for disease 458 

characterization and treatment. 459 
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Figure 1. A gene network for angiotensin (AGT), IL17, CD4, and NF kappaB which is 472 

suppressed in the b1/2-ARs KO chimeras. Blue indicates that relative mRNA levels are 473 

decreased for the transcript. The square entities refer to cell processes, the oval entities 474 

refer to proteins in general, triangles represent ligands, and receptors are those 475 

molecules embedded in the membrane with the mushroom cap. DNA binding factors are 476 

those entities indicated with “feet”. The arrows indicate direction of entity regulation. Gene 477 

identifiers are provided in the abbreviation list (Supplemental Data 4). There was n=8 478 

male mice/group. 479 

 480 

Figure 2. An enriched pathway for microglial activation. Red indicates that relative mRNA 481 

levels are increased for the transcript, while blue indicates that relative mRNA levels are 482 

decreased for the transcript. Shapes and arrows are described in figure caption 1. Gene 483 

identifiers are provided in the abbreviation list (Supplemental Data 4). There was n=8 484 

male mice/group. 485 

 486 

Figure 3. An enriched transcriptional pathway for cell processes related to neurons and 487 

glia. Red indicates that relative mRNA levels are increased for the transcript, while blue 488 

indicates that relative mRNA levels are decreased for the transcript. Shapes and arrows 489 

are described in figure caption 1. Gene identifiers are provided in the abbreviation list 490 

(Supplemental Data 4). There was n=8 male mice/group. 491 

 492 

Figure 4. MicroRNA expression in control and KO mice. A) miR150-5p (p=0.031), B) miR-493 

223-3p (p=0.0001), C) miR-18a-5p (p=0.398), D) miR-205-5p (p=0.0015), E) miR-375-494 

5p, p=0.016) miR-499a-5p (p=0.0036), G) miR-7b-5p (p=0.75), H) miR-27b-3p 495 

(p=0.0028), I) miR-let-7a-5p (p=0.0013) and J) miR-21a-5p (p=0003). Sample size was 496 

n=8 per group. 497 

 498 
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 631 

Table 1: In silico analysis for miR regulators of transcriptome targets measured in the 632 

hypothalamus of Adrb1.b2 chimera mice. The total number of neighbors are the 633 

transcripts regulated by the miR and the number of measured neighbors depicts those 634 

that were measured. Medium fold change and p-value are also provided. Only those miRs 635 

showing more than 1.05-fold change are shown in the table but the complete list is 636 

provided in Supplemental Data 1. 637 

miRNA Total # of 
Neighbors 

# of 
Measured 
Neighbors 

Median 
change 

p-
value 

MIR1276 6 6 -1.21 0.014 

m_Mir10a 5 5 -1.20 0.044 

MIR466 6 5 -1.13 0.011 

MIR885 19 18 -1.12 0.034 

MIR507 11 11 -1.10 0.018 

m_Mir7b 9 7 -1.09 0.046 

MIR27B 174 156 -1.09 0.016 

MIR323A 31 27 -1.08 0.027 

MIR32 181 171 -1.08 0.025 

MIR889 15 11 -1.08 0.040 

MIR146B 57 50 -1.07 0.011 

MIR194-1 115 101 -1.07 0.025 

MIR335 75 60 -1.07 0.047 

MIR126 112 101 -1.07 0.003 



MIR190A 27 26 -1.07 0.004 

MIR383 34 24 -1.06 0.013 

MIR330 68 61 -1.06 0.033 

MIR320A 109 89 -1.06 0.032 

MIR26A1 341 309 -1.06 0.002 

MIR223 185 162 -1.06 0.010 

MIR18A 121 111 -1.06 0.044 

MIR515-1 12 9 -1.06 0.017 

MIR222 160 135 -1.06 0.016 

MIR144 289 256 -1.05 0.009 

MIR326 44 40 -1.05 0.013 

MIR205 156 138 -1.05 0.023 

MIR150 140 122 -1.05 0.030 

m_Mir743b 11 9 -1.05 0.043 

MIR708 28 26 1.05 0.040 
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