
Assessment of TNF production by peritoneal macrophage from C57BL/6-RAGE-KO 
mice: The effect of streptozotocin (STZ)-induced diabetic neuropathic pain and 

stimulation of adrenergic receptors.
James Hawkins1, Abdel Rahman Alnaji2, Shabnam Samankan3, Bruce Davidson3,4, Paul R. Knight4,5, Tracey A. Ignatowski3,6

Depts. Of 1Biomedical Sciences, 2Biological Sciences, 3Pathology & Anatomical Sciences, 4Anesthesiology, 5Microbiology & Immunology, 6Neuroscience Program

University at Buffalo-SUNY, School of Medicine & Biomedical Sciences, Buffalo, NY 14214

ABSTRACT
Increased production of pro-inflammatory tumor necrosis factor-

alpha (TNF) mediates development of neuropathic pain (NP). The 

contribution of TNF to diabetic NP is being studied by assessing 

TNF production in mice lacking óreceptor for advanced glycation end 

productsô, or RAGE. Activation of RAGE on macrophages induces 

TNF production. The hypothesis is that macrophages from RAGE-

KO mice produce less TNF, protecting from NP development. 

Following streptozotocin (STZ) or saline injection, wild-type and 

RAGE-KO mice were grouped as STZ-diabetic neuropathy (STZ-

DN), STZ-non-responders (STZ-NR), and saline-injected controls by 

gender. Harvested macrophages were stimulated with 

lipopolysaccharide (LPS) and exposed to Ŭ2- and ɓ2-AR agonists, to 

assess regulation of TNF production. LPS-stimulated STZ-DN 

macrophages show increased TNF production, while STZ-NR 

macrophages produced less. Both female wild-type and RAGE-KO 

are resistant to STZ-induced diabetes, with their macrophages 

producing less TNF than their male counterparts.  These results 

support that diabetic neuropathy is associated with increased 

macrophage TNF production. 

(Sources of Research Support: Dept. of Pathology and Anatomical Sciences;

UB CURCA- J. Hawkins)

BACKGROUND
ÅModels of neuropathic pain such as chronic constriction injury

(CCI) and Streptozotocin (STZ)-induced diabetes, induce thermal

hyperalgesia [1-3] and mechanical allodynia [4].

ÅLevels of TNF are increased in regions of the brain involved in pain

perception (hippocampus and locus coeruleus (LC)) in the CCI and

STZ neuropathic pain models [1,4].

ÅTumor necrosis factor-Ŭ(TNF), when administered i.p. to mice,

increases the perception of pain [5].

ÅIncreasing TNF in the brain, and only in the hippocampus, can

induce neuropathic pain behavior in naïve animals [2, 6].

ÅMacrophage from rats expressing STZ-induced diabetic

neuropathy show enhanced production of TNF [4].

ÅMacrophage (MØ) TNF production is susceptible to regulation by

stimulation of the NE-sensitive Ŭ2- and ɓ2-adrenergic receptors on

the macrophages.

-activation of the Ŭ2-adrenergic receptor causes a pro-

inflammatory response, increasing LPS-stimulated TNF

production [9-12] (Fig. 3A).

-activation of the ɓ2-adrenergic receptor generally causes an

anti-inflammatory response, inhibiting LPS-stimulated TNF

production from MØs [10,11,13] (Fig. 3B).

ÅElevated glucose levels contribute to activation of RAGE and

increased production of TNF (Fig. 5). RAGE expression increases

systemically, causing an increase in TNF production and thus, an

increase in neuropathic pain [12].

References:

[1] Covey WC, Ignatowski TA, Knight PR, Spengler RN. Brain-derived TNFŬ:

Involvement in neuroplastic changes implicated in the conscious perception of

persistent pain. Brain Res. 859: 113-122, 2000.

[2] Ignatowski TA, Covey WC, Knight PR, Severin CM, Nickola TJ, Spengler RN. Brain-

derived TNFŬmediates neuropathic pain. Brain Res. 841: 70-77, 1999.

[3] Sud R, Spengler RN, Nader ND, Ignatowski TA. Antinociception occurs with a

reversal in Ŭ2-adrenoceptor regulation of TNF production by peripheral

monocytes/macrophages from pro- to anti-inflammatory. Eur. J. Pharmacol. 588: 217-

231, 2008.

[4] Re A. A Role for Hippocampal Tumor Necrosis Factor-Ŭ(TNF) Production in

Streptozotocin (STZ)-Induced Diabetic Neuropathy. University at Buffalo Masterôs

Thesis, Sept 2013.

[5] Watkins LR, Goehler LE, Relton J, Brewer MT, Maier SF. Mechanisms of tumor

necrosis factor-alpha (TNF-alpha) hyperalgesia. Brain Res. 692: 244-250, 1995.

[6] Martuscello RT, Spengler RN, Bonoiu AC, Davidson BA, Helinski J, Ding H,

Mahajan S, Kumar R, Bergey EJ, Knight PR, Prasad PN, Ignatowski TA. Increasing

TNF levels solely in the rat hippocampus produces persistent pain-like symptoms.

Pain 153: 1871-1882, 2012.

[7] Spengler RN, Allen RM, Remick DG, Strieter RM, Kunkel SL (1990). Stimulation of

Ŭ-adrenergic receptor augments the production of macrophage-derived tumor necrosis

factor. J Immunol, 145, 1430-1434.

[8] Spengler RN, Chensue SW, Giacherio DA, Blenk N, Kunkel SL (1994). Endogenous

norepinephrine regulates tumor necrosis factor-Ŭproduction from macrophages in vitro.

J Immunol, 152, 3024-3031.

[9] Ignatowski TA, Gallant S, Spengler RN (1996). Temporal regulation by adrenergic

receptor stimulation of macrophage (MØ)-derived tumor necrosis factor (TNF)

production post-LPS challenge. J Neuroimmunol, 65, 107-117.

[10] Ignatowski TA, Kunkel SL, Spengler RN (2000). Interaction between the Ŭ-

adrenergic and prostaglandin response in the regulation of macrophage (MØ)-derived

tumor necrosis factor (TNFŬ). Clin Immunol, 96(1), 44-51.

[11] Ignatowski TA, Spengler RN (1995). Regulation of macrophage-derived tumor

necrosis factor (TNF) production by modification of adrenergic receptor sensitivity. J

Neuroimmunol, 61, 61-70.

[12] Toth C, Rong LL, Yang C, Martinez J, Song F, Ramji N, Brussee V, Liu W, Durand

J, Nguyen MD, Schmidt AM, Zochodne DW. Receptor for Advanced Glycation End

Products (RAGEs) and Experimental Diabetic Neuropathy. Diabetes, 57, 2008.

Supporting Background 

Data & Methods

PURPOSE
To determine whether peripheral macrophages in mice 

lacking RAGE expression will produce less TNF and 

maintain normal adrenergic regulation of TNF 

production, thereby contributing to protection from 

neuropathic pain development. 

Objective: To assess TNF production from LPS stimulated

macrophages in both male and female wildtype and RAGE-KO

mice.

¶STZïinduced diabetic neuropathy.

¶Determine adrenergic regulation of TNF production by 

peritoneal macrophages.

METHODS

Both male and female C57BL/6 wild type and C57BL/6-RAGE-KO 

mice were separated into two groups: vehicle-injected (saline) 

control animals and streptozotocin (STZ)-injected experimental 

animals. 

Mice weights were monitored every other day; blood glucose 

readings were performed prior to, on day 4 post-STZ, and on 

day 27 post-STZ.

Upon sacrifice select brain regions were harvested, processed, 

and stored until assayed for TNF; levels of TNF were assessed 

via WEHI bioassay (bioactive protein).

Peritoneal macrophages were harvested by lavage and plated in 

48-well plates for short-term in vitro experiments: assess the 

effect of lipopolysaccharide (LPS; 30 ng/ml)-induced TNF 

production.

Ŭ2-Adrenergic Agents

Dexmedetomidine (Dex) - Highly 

selective Ŭ2-adrenergic agonist.

Atipamezole (Atipam; A) - Selective 

Ŭ2-adrenergic antagonist.

Phenoxybenzamine (Phen; P) - Non-

selective, irreversible Ŭ2-adrenergic 

antagonist.

INFLAMATION

TNF

PAIN BRAIN

Interrelationship of Topics Under Study

Figure 1. A link common to chronic pain, inflammation and the brain. The

relationship between chronic pain and inflammation, while complex, shares similar

pathologic changes, including changes in the brain. An increase in the pro-

inflammatory cytokine and neural mediator TNFŬis common to both disorders.

Blood Glucose Levels of Wildtype and RAGE-KO 

Mice Following STZ Injection

Figure 4. Blood Glucose levels of both wildtype and KO mice over the course of ~4 weeks. The first

measurement was made prior to the induction of diabetes via STZ injection. All female mice were non

responsive to the injection, accounting for low levels of glucose. WT-M-DN and KO-M-DN showed

significant elevation in blood glucose levels, as well as a moderate rise in KO-M-NR levels.
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Figure 5. Effect of lipopolysaccharide (LPS, 30 ng/ml) stimulation of peritoneal

macrophages on TNF production at day-28 post-STZ/saline injection (i.p., 150

mg/kg). The production of TNF showed significant increase in all groups

under the stimulation of STZ regardless of their response to the STZ injection.

2̡-Adrenergic Receptor Regulated MØ TNF 

Production from Male Mice

ɓ2-Adrenergic Receptor Regulated MØ 

TNF Production from Female Mice

CONCLUSIONS
¶RAGE-KO mice MØ produce less TNF than wild-type mice MØ (Fig. 5).

¶Peritoneal MØs from STZ-DN wild-type mice are more pro-inflammatory than 

those from STZ-NR and saline control mice (Fig. 5, No LPS).

¶MØ from RAGE-KO mice demonstrate opposite adrenergic regulation of LPS-

stimulated TNF production compared to wild-type MØ (Figs. 6-9).

¶A loss of Ŭ2-adrenergic receptor regulation of TNF production from LPS-

stimulated MØs is observed for both wild-type and RAGE-KO mice receiving 

STZ that do not develop diabetic neuropathy (STZ-NR) (Fig. 6 & 7).

¶MØ from RAGE-KO mice with STZ-DN have adrenergic regulation of LPS-

stimulated TNF production similar to control wild-type mice MØ (Figs. 6 & 8).

¶The difference in adrenergic receptor regulation of LPS-stimulated TNF 

production by MØs from RAGE-KO mice may contribute protection from  

development of STZ-induced diabetic neuropathy.

Adrenergic Receptor Regulated MØ TNF Production 
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Figure 3. Peritoneal macrophage (MÏ) Ŭ2-adrenergic and ɓ2-adrenergic receptor regulated TNF 

production at day-61 post-STZ/saline injection (i.p., 45 mg/kg). A. Effect of Ŭ2-adreneric receptor 

activation (Dex, 10-7 M) on LPS (30 ng/ml)-stimulated production of TNF from peritoneal MØ at day-61 

post-STZ/saline injection (i.p., 45 mg/kg). Results are presented as the mean ÑS.E.M. from the number of 

rats in brackets. Statistical analysis was by ANOVA, followed by Tukey Test for multiple comparisons: *p 

< 0.05, compared to the Saline group. B. Effect of ɓ2-adrenergic receptor activation (Iso, 10-6 M) on LPS 

(30 ng/ml)-stimulated production of TNF from peritoneal MØ at day-61 post-STZ/saline injection (i.p., 45 

mg/kg). Results are presented as the mean ÑS.E.M. from the number of rats in brackets. Statistical 

analysis was by ANOVA, followed by Tukey Test for multiple comparisons: **p < 0.01, compared to both 

the Saline and STZ-NR groups. 

Ŭ2-Adrenergic Receptor Regulated MØ 

TNF Production from Female Mice

Ŭ2-Adrenergic Receptor Regulated MØ TNF 

Production from Male Mice 

PURPOSE
To determine whether peripheral macrophages in mice lacking 

RAGE expression will produce less TNF and maintain normal 

adrenergic regulation of TNF production, thereby contributing to 

protection from neuropathic pain development. 

Objective: To assess TNF production from LPS stimulated macrophages in

both male and female wildtype and RAGE-KO mice.

¶STZïinduced diabetic neuropathy.

¶Determine adrenergic regulation of TNF production by peritoneal 

macrophages.
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Figure 6. Male peritoneal macrophage (MØ) Ŭ2-adrenergic receptor regulated TNF production at 

day-28 post-STZ/saline injection (i.p., 150 mg/kg). A. Male Wildtype MØ Ŭ2-adrenergic receptor 

activation increases LPS (L: 30 ng/ml)-stimulated TNF production. Effect of the highly selective 

Ŭ2-adrenergic agonist dexmedotomidine (Dex; 10-7 M) on LPS-induced TNF production, and the 

effect of the selective Ŭ2-adrenergic antagonist atipamizole (A; 10-6 M) alone and on the response 

elicited by Dex. Also shown is the effect of the non-selective, irreversible alpha antagonist, 

phenoxybenzamine (P; 10-6 M) on the response elicited by Dex.  B. Male RAGE-KO MØ Ŭ2-

adrenergic receptor activation decreases LPS (30 ng/ml)-stimulated TNF production, a result 

opposite of what is expected from stimulation, in all but the groups experiencing diabetic 
neuropathy.

Adrenergic agents for in vitro studies;

ɓ2-Adrenergic Agents

Isoproterenol (Iso) - Selective 

ɓ2-adrenergic agonist.

Propranolol (Pro) ïNon-

selective ɓ-adrenergic 

antagonist.

ICI-118,551 (ICI) ïHighly 

selective ɓ2-adrenergic receptor 

antagonist.
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Possible Cytokine Cascade in Diabetes Induced 

Neuropathy In RAGE-KO Mice 

Figure 2. The Progression of Diabetes in RAGE-KO Mice through the production of various cytokines, leading to 
the development of Diabetic Neuropathy. In wildtype mice the production of cytokines follows the above 
pathway, ending with increased TNF production and Diabetic Neuropathic Pain. The RAGE-KO mice lack the 
receptor for advanced glycation end product (AGE), which was hypothesized to result in decreased TNF 
production and Diabetic neuropathic pain.

Figure 7. Female peritoneal macrophage (MØ) Ŭ2-adrenergic receptor regulated TNF 

production at day-28 post-STZ/saline injection (i.p., 150 mg/kg). A. Female Wildtype MØ Ŭ2-

adrenergic receptor activation increases LPS (L; 30 ng/ml)-stimulated TNF production. Effect 

of the highly selective Ŭ2-adrenergic agonist dexmedotomidine (Dex; 10-7 M) on LPS-induced 

TNF production, and the effect of the selective Ŭ2-adrenergic antagonist atipamizole (A; 10-6 

M) alone and on the response elicited by Dex. Also shown is the effect of the non-selective, 

irreversible alpha antagonist, phenoxybenzamine (P; 10-6 M) on the response elicited by Dex.  

B. Female RAGE-KO MØ Ŭ2-adrenergic receptor activation decreases LPS (30 ng/ml)-
stimulated TNF production, a result opposite of what is expected from stimulation.

Figure 8. Male peritoneal macrophage (MØ) ɓ2-adrenergic receptor regulated TNF production at day-28

post-STZ/saline injection (i.p., 150 mg/kg). A. Male Wildtype MØ ɓ2-adrenergic receptor activation

decreases LPS (L; 30 ng/ml)-stimulated TNF production. Effect of the selective ɓ2-adrenergic agonist

isoproterenol (Iso; 10-6 M) on LPS-induced TNF production, and the effect of the selective ɓ2-adrenergic

antagonist ICI-118,551 (ICI; 10-6 M) and the non-selective ɓ-adrenergic antagonist propranolol (Pro; 10-6

M) on the response elicited by Iso. B. Male RAGE-KO MØ ɓ2-adrenergic receptor activation increases LPS

(30 ng/ml)-stimulated TNF production, opposite of what is expected. Effect of the selective ɓ2-adrenergic

agonist isoproterenol (Iso; 10-6 M) on LPS-induced TNF production, , and the effect of the antagonists ICI

and Pro (10-6 M) on the response elicited by Iso.

Figure 9. Female peritoneal macrophage (MØ) ɓ2-adrenergic receptor regulated TNF production at day-28

post-STZ/saline injection (i.p., 150 mg/kg). A. Female Wildtype MØ ɓ2-adrenergic receptor activation

decreases LPS (L; 30 ng/ml)-stimulated TNF production. Effect of the selective ɓ2-adrenergic agonist

isoproterenol (Iso; 10-6 M) on LPS-induced TNF production, and the effect of the selective ɓ2-adrenergic

antagonist ICI-118,551 (ICI; 10-6 M), and the effect of the non-selective ɓ-adrenergic antagonist

propranolol (Pro; 10-6 M) on the response elicited by Iso. B. Female RAGE-KO MØ ɓ2-adrenergic receptor

activation increases LPS (30 ng/ml)-stimulated TNF production, opposite of what is expected. Effect of

the selective ɓ2-adrenergic agonist isoproterenol (Iso; 10-6 M) on LPS-induced TNF production, and the

effect of the antagonists ICI and Pro (10-6 M) on the response elicited by Iso.

Future Studies

Å To more fully characterize and better understand the development diabetes 

induced neuropathy in both wildtype and RAGE-KO mice, we will extend the 

recording of mechanical allodynia through day 60 following i.p. injection of 

STZ.

Å Experimentally increase levels of TNF in RAGE-KO mice to test whether STZ-

induced pain and adrenergic regulation of LPS-stimulated TNF production 

from MØs will be comparable to that expressed by wild-type mice.
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