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Abstract
The anti-inflammatory effects of the neuronal nicotinic receptor alpha7 (nAChRα7) are proposed to
require acetylcholine release from vagal efferents. The necessity for vagal innervation in this anti-
inflammatory pathway was tested in the skin, which lacks parasympathetic innervation, using
ultraviolet radiation (UVB) to induce a local pro-inflammatory response. Cytokine responses to UV
in mice administered chronic oral nicotine, a nAChR agonist, were reduced. Conversely, nAChRα7
knock-out mice exposed to UVB elicit an enhanced pro-inflammatory cytokine response in the skin.
Altered pro-inflammatory responses correlated with changes in SOCS3 protein. These results
demonstrate that nAChRα7 can participate in modulating a local pro-inflammatory response in the
absence of parasympathetic innervation.
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Introduction
Neuronal nicotinic acetylcholine receptors (nAChR) have been extensively characterized for
their function in peripheral and central neurons where they play a role in modulating
neurotransmission (Alkondon and Albuquerque, 2004; Hogg et al., 2003). However, nAChRs
are also expressed by non-neuronal cells throughout the body where they contribute to diverse
physiological processes including immunomodulation (Fujii et al., 2007). Mature nAChRs are
pentamers of subunit assemblages from 11 genetically related but distinct subunits (Hogg et
al., 2003). In general there are two major nAChRs subtypes that are composed of either
homomeric subunits (e.g., nAChRα7) or combinations of alpha (α) and beta (β) subunits, and
it is the final subunit configuration that imparts significant functional and pharmacological
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differences among these receptors. The response of nAChRs to nicotine has been particularly
well-examined since it initiates the chemical dependency to tobacco products. However,
nicotine also exhibits anti-inflammatory properties in many systems (de Jonge et al., 2005;
Metz and Tracey, 2005; Pavlov et al., 2003; Sopori et al., 1998). Among the earliest findings
was the observation that nAChRα7 activation altered the capacity of cells to respond to the
pro-inflammatory cytokine tumor necrosis factor alpha (TNFα) (Carlson et al., 1998) or
inhibited the release of this cytokine from the cell (Metz and Tracey, 2005). These studies have
collectively defined an interaction described as the cholinergic anti-inflammatory pathway
(Metz and Tracey, 2005; Pavlov et al., 2003). As defined in these reviews, however, the anti-
inflammatory properties of acetylcholine (or nicotine) are generally restricted to nAChRα7
function requiring vagal nerve innervation as the source for acetylcholine (Metz and Tracey,
2005).

Recent evidence indicates that nAChRα7 (as well as other subtypes) are also expressed by
numerous non-neuronal cell types including distinct populations of astrocytes, epithelial cells,
adipocytes, lymphocytes, macrophages and keratinocytes (Conti-Tronconi et al., 1994;
Gahring and Rogers, 2005; Kurzen et al., 2007; Misery, 2004). In this context, nAChRα7, in
addition to its role in depolarization, exhibits remarkably high calcium permeability that is
sufficient to impact on intracellular signaling pathways including those using ERK and CREB
(Brunzell et al., 2003). In this report, we have investigated the role of this nAChR in regulating
an inflammatory response to ultraviolet radiation (UVR) induced in mouse skin. The skin is
not innervated by the vagus nerve (or parasympathetic systems), but there is prominent
expression of nAChRs including nAChRα7, and there is local production of acetylcholine and
choline (Kurzen et al., 2007; Misery, 2004). Further, UVR exposure is a common and well-
characterized method of inducing inflammation in the skin, and we have employed this method
for many years to study this effect (Daynes et al., 1986; Gahring et al., 1984). Keratinocyte
expression of nAChR has been demonstrated to have important roles in keratinocyte adhesion
and motility (Chernyavsky et al., 2004; Grando et al., 1995; Zia et al., 1997), differentiation
(Arredondo et al., 2002; Grando et al., 1996), apoptosis (Arredondo et al., 2003; Nguyen et al.,
2001), and certain components of inflammation (Kalayciyan et al., 2007; Kurzen et al.,
2007).

Our studies examine the influence of nAChRα7 and nicotine on local cytokine production
induced by UVR in the UVB range (280 to 320 nm). Results indicate that nicotine
administration corresponds with an attenuated inflammatory response by skin to UVB
irradiation. Because the pharmacologic effects of nicotine are complex and include both
activation of nAChR as well as desensitization of the receptors, including nAChRα7 (Alkondon
and Albuquerque, 2004; Gahring and Rogers, 2005), the effects of nAChRα7 on inflammation
in the skin were examined directly using knock-out (KO, α7 null mice) mice. When these mice
were exposed to UVB the cytokines most altered by the absence of nAChRα7 are IL-1β and
IL-6, but not TNFα. Evidence is also presented that the intracellular regulator of cytokine
signaling, suppressor of cytokine signaling 3 (SOCS3), is a possible mediator of nAChR effects
on inflammation in the skin. Collectively, our results suggest that the impact of nicotine and
nAChRs on the inflammatory system may vary considerably among different tissues and the
role of α7 in this process is likely to be multifaceted and tissue specific.

Materials and Methods
Animals

All mice were housed in a pathogen free environment with water and standard mouse chow
provided ad libitum. Each experiment used groups of 3-7 mice that were age, gender and strain
matched. For the ultraviolet radiation dose response and oral nicotine treatment experimental
groups, 6-8 week old male or female C57BL/6 mice were purchased from Jackson Laboratories
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(Bar Harbor, Maine). The nAChRα7KO in the C57BL/6 background were initially purchased
from Jackson Laboratories and subsequently maintained as a breeding colony in our animal
facility. The α7KO heterozygous mice are bred to produce WT and homozygotes KO mice.

Chronic exposure to oral nicotine
For experiments testing the effects of chronic nicotine exposure, mice were provided water
supplemented with nicotine. We and others (Gahring et al., 2004; Matta et al., 2007) have used
this method of administration for experiments designed to examine the long-term effects of
nicotine exposure via a natural route of drug administration, and the merits of using oral
nicotine exposure and standards for using this method have been reviewed extensively (Matta
et al., 2007). Mice are initially provided water containing 25 μg/ml of nicotine and 1.5%
saccharin. The saccharin is added to mask any adverse flavor of nicotine. The amount of
nicotine in the water is increased to 50 μg/ml on day 3, 100 μg/ml on day 5, and to the final
concentration of 150 μg/ml on day 7. Mice are maintained on this concentration of nicotine
for 6 weeks. Control mice are maintained on 1.5% saccharin in the drinking water for the
duration of the experiment.

Exposure to ultraviolet radiation
Ultraviolet (UV) radiation in the UVB range (280-320 nm) was from Westinghouse FS-40
fluorescent sunlamps (Daynes et al., 1986; Gahring et al., 1984; Gahring and Daynes, 1986).
The mW/cm2 output of the lamps was measured for each experiment with an IL1350
photometer (International Light Inc., Newburyport MA). All mice (control and UVB exposed)
were shaved of back hair with electric clippers one day prior to UVB exposure. On the day of
exposure, mice were anesthetized by intraperitoneal injection of 2,2,2, tribromoethanol (Sigma
Aldrich, St. Louis MO) and placed in adsorbent paper wraps with all but a 2 × 3 cm square
area of back skin exposed (see below and Figure 1A) to produce an equivalent exposure level
within a defined region on each animal. The mice were then placed under a bank of three
Westinghouse FS-40 bulbs for 30 minutes (4860 J/m2), 20 minutes (3240 J/m2) or 10 minutes
(1620 J/m2). Control mice (WT and α7K0) were also anesthetized, and their backs were also
shaved of hair, but they were not placed under the sunlamps. At 24, 48, 72, or 96 hrs post UVB
exposure, mice were sacrificed and the UVB exposed skin was removed. From the exposed 2
× 3 cm2 patch of skin standardized samples of skin from each exposure site were collected
using 6 mm biopsy punches (Miltex Instruments, York, PA). Multiple punch biopsies from
each mouse could then be processed for RNA extraction, protein extraction or histology,
respectively.

Histology
UVB exposed or unexposed skin was placed in formalin overnight at 4°C. The sections were
then dehydrated by rocking in increasing concentrations of ethanol and embedded in plastic
(Polysciences Immunobed Kit). Skin sections (5 μm) were cut and stained with hematoxylin
for 1 hr at 60°C and eosin for 3 minutes at room temperature. Images of the sections were taken
using Neuroleucida and a Dage300 digital color camera. Quantification of lymphocytes was
done by automated counting of lymphocytes (defined by size and shape) in equivalent areas
of 5 sections using ImagePro Plus.

RNA and Real time PCR
To extract RNA, skin biopsies were placed in Trizol (Invitrogen, Carlsbad CA), homogenized
with a tissue tearor (Biospec Products, Bartlesville, OK), and processed for RNA according to
the manufacturer's instructions. RNA was precipitated in isopropanol and washed in 75%
ethanol at room temperature. The concentration and purity of the RNA was determined with
a ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington DE). 2 μg of each
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sample was DNase treated (Promega, Madison WI), and 1μg was used to amplify cDNA (high
capacity cDNA Archive Kit, Applied BioSystems, Foster City CA). 20ng of cDNA was loaded
into each well and TaqMan probes (Applied BioSystems, Foster City, CA) were used to amplify
all genes (IL-1β Mm00434228_m1, IL-6 Mm00446169_m1, TNFα Mm00443258_m1, α2
Mm00460629_m1, α3 Mm00520145_m1, α4 Mm00516561_m1, α5 Mm00616329_m1, α6
Mm00517529_m1, α7 Mm00431639_m1, α9 Mm01221610_m1, α10 (special design), β2
Mm00515323_m1, β3 Mm00532602_m1, β4 Mm00804952_m1 GapD 4352339E). GAPDH
was used as an internal control gene in all experiments. All samples were run in duplicate along
with a negative RT sample. Fold-changes in RNA expression were calculated relative to the
matched control animals, and were determined using the comparative Ct method (see Applied
BioSystems for detailed description).

Cytokine Detection by ELISA
A 6mm biopsy punch sample was incubated on ice for 10 minutes in PBS containing the
detergent Igepal CA630 (Sigma Aldrich, St. Louis, MO) at 0.1% as described by Matalka et
al. (Matalka et al., 2005). Samples were homogenized with a tissue disrupter, incubated again
for 10 minutes on ice, and centrifuged at 4°C for 20 minutes at 13000 rpm. The supernatant
was then collected and frozen at -80°C or immediately assayed by ELISA for mouse IL-1β,
IL-6 and TNFα following the manufacturers' instructions (BioSource/Invitrogen, Carlsbad,
CA). All samples were diluted 1:2 to 1:4 for IL-1β and IL-6 or 1:16 for TNFα and run in
duplicate. Cytokine concentrations were determined with a standard curve (provided in the
ELISA kit) that was run with each ELISA plate and calculated using SOFTmax Pro and Excel.

Western Blots
For Western analysis, 6mm biopsy punches from exposed or unexposed skin were harvested
as above for ELISA analysis in 0.1% Igepal detergent in PBS (Matalka et al., 2005). A protein
assay was done on the supernatant for each sample and 30 μg of protein was heated in 0.1%
Igepal PBS, and SDS-PAGE buffer, and loaded onto SDS-PAGE gels. Gels were transferred
to PVDF membrane (Perkin Elmer, Waltham MA) and blocked in 5% nonfat dry milk in PBS
plus 0.1% Tween-20. Antibodies for SOCS3 (Abcam, Cambridge, MA) and Actin (Cell
Signaling, Danvers, MA) were diluted 1:300 and 1:1000 respectively in 5% nonfat dry milk
in PBS- 0.1% Tween-20 and rocked overnight at 4°C. Blots were developed with
Chemiluminescence Reagent Plus (Perkin Elmer) and quantitation performed on scans of gel
films using ImagePro-Plus quantitation software.

Results
Nicotine Attenuates the Inflammatory Response to UVB

The skin is constantly under assault by environmental as well as infectious agents, and it is a
major site of inflammatory cytokine production. We have previously demonstrated that
exposure of cultured keratinocytes to ultraviolet radiation (UV) in the UVB (280-320 nm)
range results in the production of inflammatory cytokines (Gahring et al., 1984). To establish
the parameters capable of inducing inflammatory cytokine expression following in vivo UVB
exposure, hair on the dorsal surface of the mice was removed by shaving 24 hrs prior to UVB
exposure. Shaving was the preferred method for removing hair since other methods (e.g.,
depilatory cream products) removed outer epidermal layers and/or produced irritation that
interfered with measurements. Just prior to UVB exposure, mice were anesthetized and all but
a 2 × 3 cm2 region of their dorsal surface is covered (including head and all extremities). Mice
were then placed under the UVB emitting bulbs for the time indicated (10, 20 or 30 minutes
corresponding to 1620 J/m2, 3240 J/m2 or 4860 J/m2). Results shown in Figure 1A demonstrate
that visible indications of mild inflammation (redness, skin thickening, but no necrosis) were
evident at the site of exposure 48 hours post-UVB (Figure 1A). Upon harvesting the irradiated
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patch of skin, 6 mm biopsies were punched and RNA was extracted from a biopsy. Results in
Figure 1B show an increase of RNA for IL-1β, IL-6, and TNFα 48 hours after exposure to as
little as 1620 J/m2 of UVB. Exposure to 4860 J/m2 of UVB (30 minutes of exposure), increases
cytokine signal to over 400 fold for IL-1β and 100 fold for IL-6. Fold change increases in
TNFα transcripts are much less than for IL-1β or IL-6, but protein levels of this cytokine are
much higher constitutively. There were no changes in nAChR subunit expression, as measured
by transcript analysis, in the skin following UVB exposure at any time (24-96 hrs) in this, or
any other experiments (not shown). We next determined the optimal time to measure an
increase in cytokine transcripts following the highest dose of UVB (30 minutes, 4860 J/m2).
Results shown in Figure 1C demonstrate that each cytokine has a slightly different kinetic
response. IL-1β and IL-6 are the prominent cytokines induced by UVB at both 48 and 72 hours.
TNFα transcripts are also induced but not to the same extent (10 fold at 48 hours, 50 fold at
72 hours post UVB) as IL-1β or IL-6 (400 fold and 150 fold, respectively, at 48 hours).
IL-1β and TNFα both have significant responses at 48 hours which remain elevated at 72 hrs.
IL-6 levels were also elevated at 48 and 72 hours post-UVB.

To determine whether systemic nicotine administration affected the local response to UVB-
induced inflammation, mice were maintained on nicotine water (containing saccharin, see
Methods) or saccharin only water for 6 weeks. This regime of oral nicotine administration has
been discussed (Matta et al., 2007), and the effects of this physiologically relevant route of
long term administration includes upregulation of high affinity nicotine binding sites and
maintenance of neuronal processes during the aging process (Gahring et al., 2004; Rogers et
al., 1998). At the end of the 6 week oral nicotine treatment, mice were exposed to 30 minutes
of UVB (4860 J/m2, 30 minutes) as described above. Back skin was harvested 24, 48 and 72
hrs later for cytokine RNA and protein. The results of the RNA and protein assays, as
determined by ELISA, were essentially the same. Protein results in Figure 2A show that
IL-1β production, elicited by UVB exposure, in nicotine treated mice was equivalent to control
mice at 24 and 48 hours post-UV irradiation. However, IL-1β protein production in the nicotine
treated mice was significantly attenuated at 72 hours post-UVB. In these experiments there
was also a trend for the IL-6 response to be attenuated in nicotine treated mice relative to
controls, but it failed to achieve statistical significance (not shown). TNFα expression in
nicotine treated mice exposed to UVB was equivalent to the response induced in WT mice (not
shown).

As noted above, nicotine can interact with nAChR expressed on peripheral cells including
keratinocytes. To confirm nAChR expression in the skin of mice, real-time (RTi) PCR was
performed. For this analysis punch biopsies of back skin (Methods) containing both dermis
and epidermis were obtained and RNA extracted. This is shown in Figure 2B. Transcripts for
nAChR subunits α3, α4, α5, α7, α10, β2, and β4 were detected before the cut-off level for
detection of 37 cycles, but transcripts for α2, α6, α9 or β3 were not detected (ND). Results are
expressed as percent of a mouse housekeeping gene, GAPDH (TBP and β-actin have also been
used with no difference in results, not shown). These results are in basic agreement with subunit
expression in human epidermal and oral keratinocytes and human scalp tissue (Grando,
2006; Grando et al., 1995; Kurzen et al., 2007). We have also examined nAChR subunit
expression in separated skin (epidermis separated from dermis using EDTA separation
solutions (Sauder et al., 1982)) to determine if the dermis (composed of mostly fibroblasts and
collagen) contributes to the nAChR subunit composition. Our results (not shown) suggest that
the dermis expresses little if any nAChR subunit transcripts.

We chose to examine the role of nAChRα7 in the response to UVB since this homomeric
receptor has been reported to play a key role in regulating inflammatory processes. Since the
skin does not receive vagal innervation, examination of the α7KO mice also addresses the
question of whether vagal innervation is required for the cholinergic anti-inflammatory
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pathway. A null mutant mouse lacking α7 was obtained and a small breeding colony
established. These mice breed as heterozygotes which allows for generation of both wild-type
(WT) and knock-out (KO) mice from the same litters, eliminating any issues of background
effects on our results. Groups of 5 WT and age-matched α7KO mice were prepared for UVB
exposure as above, and then exposed for 30 minutes to UVB. At various times thereafter, the
2 × 3 cm2 patch of exposed skin was harvested (6 mm skin biopsies were then taken). Cytokine
levels in the α7 WT and KO mice were assessed at 24, 48, and 72 hrs post UVB. While
differences could be detected at all time points, we determined the 48 hr time point provided
the most consistently significant difference between the WT and α7KO mice. As shown in
Figure 3A UVB irradiation of the α7KO mouse resulted in significantly more IL-1β and IL-6
transcript production over WT controls as assessed by real-time PCR at 48hrs. Notably,
TNFα RNA expression in the α7KO mice, while elevated, was not significantly different from
control mice, indicating that modulation of this cytokine following UVB is not related to α7
in this tissue. To determine if the results of RNA expression measurements extended to the
protein level, we extracted protein from separate 6 mm biopsies. Cytokine protein was
measured by specific ELISA. As shown in Figure 3B, in UV-irradiated α7KO mice, protein
levels of IL-1β and IL-6 are also significantly greater than in WT mice at 48 hours post
exposure. While message levels of TNFα do increase following UVB exposure (Figure 1C),
protein levels are constitutively high and changes in protein not detectable at this 48 hour time
point (Figure 3B) in either the WT or the α7KO mouse. The trend for a slight decline (not
statistically significant) in TNFα could be attributed to the fact that this cytokine is produced
as a precursor protein which is released from the cell upon cell activation. As such, a decline
in TNFα protein due to release from the cells at the exposure site is not unexpected.

Histological Evaluation of the Skin of UVB Exposed Mice
One possible explanation for an increase in cytokines in the UVB exposed skin of the α7KO
mouse is that these animals have a greater infiltration by immune cells that in turn produce
more cytokines. To assess this possibility, biopsies from UVB exposed (4860 J/m2) C57BL/6
WT and α7KO mice were fixed in formalin, sectioned, and stained with hematoxylin/eosin as
described in Methods. Results shown in Figure 4A shows greater thickening/edema in the
α7KO mouse compared to the WT mouse. However, when the number of cells per unit area is
measured (Figure 4B), the number of cells at 48 hrs post-UVB is not significantly greater in
the α7KO mouse.

Increased cytokine production by α7KO mice involves SOCS3
The effect of nicotine (attenuated inflammation) versus the effect of the null mutation for α7
(enhanced inflammation) on cytokine production were opposite which indicates that at least
part of the attenuated response to nicotine is due to the anti-inflammatory properties of α7. One
signaling molecule involved in α7 modulation of inflammatory responsiveness in tissue
innervated by the vagal system is the suppressor of cytokine synthesis 3 (SOCS3) protein
(Metz and Tracey, 2005; Pavlov et al., 2003). To determine if SOCS3 is involved in the α7KO
response in the skin to UVB, we measured SOCS3 protein expression in the skin using Western
blot. Results obtained from biopsies pooled from 3 UVB exposed, or unexposed mice, 24 hours
following exposure are shown in Figure 5A. SOCS3 expression was readily detected in
unexposed skin, and 24 hours following UVB exposure there is little change (perhaps a small
decrease, Figure 5A) in this expression. Since SOCS3 expression functions to dampen
inflammatory cytokine expression (particularly IL-6 and IL-1β), a decrease in SOCS3
expression would be expected to result in elevated cytokine production. In the α7KO mice,
SOCS3 expression was dramatically reduced 24 hours following UVB exposure. Maximal
decrease in SOCS3 in the α7KO mouse is observed at 24 hours, as shown, however, decreased
expression is also evident at 48 hours post UVB (not shown). We also measured SOCS3 protein
in the skin of nicotine treated mice exposed to UVB (Figure 5B). SOCS3 expression in the
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control mice (saccharin only) is decreased at 24 and 48 hours following UVB and returns to
approximately normal levels at 72 hours. The expression of SOCS3 in nicotine treated mice
was elevated at 24 hours and decreases at 48 hours followed by increasing levels. These results
have been obtained in two completely different sets of nicotine treated (6 weeks) mice. Results
suggest that the control of UV induced inflammation in nicotine treated mice and mice lacking
α7 may involve SOCS3, resulting in altered inflammation.

Discussion
It has been reported (Metz and Tracey, 2005; Pavlov et al., 2003) that in tissues innervated by
the vagus nerve such as the spleen, efferent processes from this nerve release acetylcholine
which can activate nAChR, specifically the homomeric nAChRα7 which is present on cells
such as macrophages to inhibit the production/release of inflammatory cytokines. The
predominant cytokine reported to be affected in this anti-inflammatory pathway is TNFα. This
effect is abrogated following vagotomy suggesting that acetylcholine is provided by the vagus
nerve. In this report we questioned the effect of nicotine, as well as well as the α7 knock-out,
on an inflammatory response induced in a tissue without vagal efferents. The inflammatory
stimulus chosen was ultraviolet radiation since it is well known that exposure of skin to sunlight
in the UVB range induces erythema, edema, heat and pain (‘sunburn’). This classical
inflammatory response is also characterized by the elevated production of inflammatory
cytokines (including IL-1β, IL-6 and TNFα) and chemokines at the site of exposure.

We first determined the effects of nicotine on inflammation induced by UVB and found that
chronic oral administration of nicotine attenuates the production of the pro-inflammatory
cytokine IL-1β demonstrating that oral administration of nicotine alters inflammation in the
skin. IL-6 levels were also decreased in nicotine treated mice, but not to the level of
significance, and no effect was observed in TNFα expression at the time points tested.
Transcripts for many of the nAChR subunits are present in the skin including α3, α4, α7, β2
and β4. Therefore, nicotine binding receptors composed of α3 or α4 (which can combine with
β2 or β4, or both) as well as α7 are all possible in this tissue. However, nAChRα7 has been the
nAChR most associated with the anti-inflammatory properties of nicotine (Metz and Tracey,
2005; Pavlov et al., 2003). Our results demonstrate that the lack of α7 results in elevated
production of the inflammatory cytokines IL-6 and IL-1β following UVB irradiation of the
skin. TNFα protein levels were constitutively high and changes in this cytokine were not
observed at this time point. Changes in cytokine levels appear to be initiated by local rather
than recruited cells since cytokine expression precedes infiltration by mononuclear cells, and
mononuclear cell infiltrate per unit area remains equivalent between WT and α7KO mice
following UV exposure. Therefore, the pro-inflammatory response in the skin to UVB, like
the spleen in animals treated with LPS (Huston et al., 2006), is increased in the absence of
α7, however the influence on this response is not dependent upon vagal innervation and the
prominent cytokine affected is IL-1β. It should be noted that experiments which used C57BL/
6 mice (time course in Figure 1 and oral nicotine treatment experiment Figure 2) there was a
larger IL-1β response compared to experiments using WT α7 mice. This may be attributed to
the C57BL/6 129 background that the α7 mice are on (both WT and KO).

Our results raise several issues pertaining to nAChRα7 modulation of the inflammatory
response. For example, in the absence of parasympathetic (vagal) innervation, what is the
source of the normal ligand for α7 and how is this regulated? Recent studies (Kurzen et al.,
2007) have demonstrated that keratinocytes are a significant source of acetylcholine production
and release. Further, acetylcholine receptors expressed by keratinocytes are subjected to
regulation through autocrine/paracrine mechanisms including those important to normal
processes of differentiation and squamatization (Arredondo et al., 2005). That nicotine can
influence keratinocytes and other epithelial cells is well documented. In patients with oral
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ulcerations such as Behcets disease the use of nicotine appears to be anti-inflammatory since
patients with this disease have less oral apthae during periods of smoking (Kalayciyan et al.,
2007; Soy et al., 2000). Of note is that the skin is not the only tissue where ulcerative disease
is associated with the overproduction of inflammatory cytokines such as TNFα, and whose
progression is altered by nicotine. Examples include inflammatory bowel diseases of the colon.
In particular, ulcerative colitis is sensitive to nicotine which when administered to either
humans or to animal models can reduce inflammation and for certain forms of the disease
possibly provide therapeutic relief from this autoimmune inflammatory disease (Thomas et al.,
2005). While this organ is innervated by the vagal nerve, nicotine acting directly upon the
inflammatory process through non-neuronal mechanisms has not been experimentally ruled-
out. Further, recent animal models (Orr-Urtreger et al., 2005) and studies of humans
(Richardson et al., 2003) suggest a role for non-α7 nAChRs in this process. As such, the possible
effect of nicotine or analogs of this compound in certain inflammatory diseases are likely to
be diverse, of varied magnitude and not necessarily straight-forward.

One important component of this study is the finding of a corresponding influence of α7 on
regulatory mechanisms important to suppressing the production of specific inflammatory
cytokines. One pathway indicated as important to this signaling mechanism in peripheral
systems has been the NFκB signal transduction pathways, although neurons appear to use
alternate pathways to impart nAChR-related signaling (Gahring et al., 2003) including CREB
and ERK-mediated signaling pathways (Brunzell et al., 2003). In this general context, we found
no alteration in the expression of the NFκB-related molecule, Iκb (phosphorylated or non-
phosphorylated) at the time points tested (not shown). While we have not examined the
additional adaptor proteins important to this pathway in detail, at present we have not found a
major role for the regulation inflammation in the skin by nicotine through the NFκB pathway.
Instead, modification of the inflammatory response to UVB appears to correlate with changes
in the expression of the inhibitor of cytokine signaling, SOCS3 (Croker et al., 2003). This is
also consistent with the reports of others who have identified an influence of nicotine on this
pathway (Wang and Campbell, 2002). In this study we find that coincident with UVB exposure,
SOCS3 protein expression decreases which is consistent with an increase in the inflammatory
cytokines IL-1β and IL-6. While SOCS3 regulation of IL-6 is well-known to require elements
of the JAK-STAT pathway, the mechanism through which SOCS3 regulates IL-1β is less
clearly resolved (Frobose et al., 2006; Karlsen et al., 2004; Wong et al., 2006). The SOCS3
effect appears to be robust since de Jonge et al. (de Jonge et al., 2005) have reported that vagal
anti-inflammatory effects in macrophages through nAChRα7 involve activation of Jak2-
STAT3. In addition, murine peritoneal macrophages cultured in vitro that were treated with
nicotine showed increased production of STAT3 and SOCS3 upon stimulation with LPS, and
the elevated SOCS3 was suggested to attenuate the inflammatory response to LPS in this
experimental paradigm (de Jonge et al., 2005). Our results from the skin of UVB exposed mice
extend this basic finding and demonstrate several points. SOCS3 protein decreases following
exposure of control mice to UVB, with the maximal decrease occurring 48 hours post-exposure
and protein levels return to normal thereafter. This decrease in SOCS3 coincides with an
increase in inflammatory cytokine production in the skin following UVB exposure. In nicotine
treated mice SOCS3 decreases but this decrease occurs 48 hrs post-UVB exposure. This
suggests that the nicotine may impact upon the kinetics of the response to UVB and participate
in attenuating the UVB response observed at 72 hours. Finally, SOCS3 protein in the α7KO
showed a marked decrease at the 24 hour time period following UVB, versus only a small
decrease in WT littermates, which would lead to an augmented cytokine response in the α7KO
mice, as was observed. The mechanism controlling SOCS3 decline remains to be determined,
but other reports suggest degradation following ubiquination (Frobose et al., 2006).
Nevertheless, decreases in transcription remain a possible complimentary mechanism to assure
SOCS3 regulation.
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While reducing the inflammatory response may be of local or short-term benefit, the long-term
impact of suppressing an inflammatory response may not be desirable. The need to enhance
the immune response to a foreign antigen or to mount a response to opportunistic organisms
such as bacteria is critical to survival. Because this is regulated through the inflammatory
response, suppression of this effect may impact directly upon the ability to mount an effective
immune defense (for discussion see (Gahring and Rogers, 2005)). In the mouth, those exposed
to chronic nicotine are more susceptible to diseases such as gingivitis and other oral bacteria.
In the skin, nicotine exposure decreases the ability to heal in response to wounding as well as
leaves the wound more susceptible to infection. Also, immune suppression may reduce
surveillance for abnormal cells, a condition that would favor the growth of transformed cells
and possibly cancer. In contrast to the effects of nicotine on the immune response (suppressive),
others (Fujii et al., 2007) report that immunization of nAChRα7KO mice results in enhanced
production of antigen-specific IgG(1) suggesting that this nicotinic receptor plays a role in
cytokine production affecting immunoglobulin synthesis. Further investigations selecting
different mouse strains of appropriate genetic susceptibility or experimental design, to define
the importance of different nAChRs to this process, the route of inflammatory stimulation and
how this system contributes to these processes appears to be of potential clinical relevance and
extends the function of the neuronal nicotinic receptors to regulating important components of
inflammatory and immune function.
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ultraviolet radiation

IL-1β  
interleukin 1 beta

IL-6  
interleukin 6

TNFα  
tumor necrosis factor alpha

SOCS3  
suppressor of cytokine signaling 3

KO  
knock-out
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Figure 1.
A) For UVB exposure, C57/BL6 mice were shaved and completely covered except for a 2×3
cm2 area on the back. 48 hours following a 30 minute exposure of UVB, the exposed skin
showed visible signs of inflammation including thickness and redness. B) Dose response of
IL-1β, IL-6 and TNFα mRNA collected from 3 mice per group 48 hrs following 10 minutes
(1620J/m2), 20 minutes (3240J/m2) and 30 minutes (4860J/m2) of UVB. Each cytokine shows
a dose dependent increase with UVB. IL-1β and TNFα are both significantly (p< 0.001)
increased from 1620J/m2 to 4860J/m2. The magnitude of the fold changes in transcripts for
IL-1β and IL-6 were much greater than TNFα. C) Time course of IL-1β, IL-6 and TNFα mRNA
following 30 minutes (4860J/m2) of UVB exposure. All cytokines had a significant increase
or peaked by 48 hrs following UVB. Fold changes represent increases in mRNA over
unexposed skin. Error bars represent mean +/- SEM, p<0.01 *; p<0.001 **
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Figure 2.
Expression of IL-1β protein by ELISA following 30 minutes (4860J/m2) of UVB. A) Protein
was collected from skin biopsies from 5 mice at 24, 48, and 72 hours after UVB exposure from
mice on oral saccharin or nicotine for 6 weeks. Mice treated with nicotine have a decrease in
IL-1β at 72 hrs compared to control mice. B) Expression of nACh receptor subunits in skin
determined by real time PCR expressed as a percentage of the internal control gene GAPDH.
The backs of WT C57BL/6 mice were shaved and whole back skin was removed for analysis.
Transcripts for α2, α6, α9, and β3 subunits were not detected (ND) by real time PCR analysis.
Data represents averages of 3-5 mice and was performed on at least 3 separate groups of
animals. Subunit expression did not change following exposure to UVB (not shown).
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Figure 3.
Changes in mRNA determined by real time PCR (A) and protein determined by ELISA (B) in
WT and α7 KO mice 48 hrs after 30 minutes of UVB exposure. IL-1β and IL-6 mRNA and
proteins levels were both were significantly increased in the α7 KO compared to WT levels.
Changes in the already constitutively high levels of TNFα protein were not detectable in the
skin of α7 KO mice following UVB. mRNA was collected from 4 mice per group and protein
was analyzed from 6-7 mice per group.
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Figure 4.
A) H&E stained 5 μm dorsal back skin sections from control (no UV), exposed C57/BL6 WT
mice, and exposed α7 KO mice. Mice were exposed to 30 minutes of UVB and harvested 48
hrs later. Sections show epidermis (E), dermis (D) and muscle (M) layers. nAChRα7 KO mice
have a visibly thicker dermal layer after UV compared to WT mice. B) Quantification of
lymphocytes after 48 hrs in WT and α7 KO mice following 30 minutes of UVB. Lymphocyte
numbers were quantitated and averaged from 5 equivalent H&E stained skin sections for each
experimental group. The number of lymphocytes quantitiated is significantly increased
(p<0.01) in α7 KO following UVB, however the lymphocytes quantitated are approximately
equal in both α7 KO and WT mice after UV exposure.
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Figure 5.
SOCS3 western blots from exposed back skin of 3-5 mice. A) SOCS3 protein expression in
WT and α7 KO back skin 24 hrs after a 30 minutes UVB exposure. nAChRα7 KO mice
demonstrate a much more dramatic decrease in SOCS3 protein, compared to WT littermates,
at 24 hours post-UVB. B) SOCS3 expression in mice treated with oral nicotine or saccharin
for 6 weeks. Nicotine treated mice express more SOCS3 at 24 and 48 hrs following UVB as
compared to saccharin treated mice. The densitometric scan of the SOCS3 bands are
normalized to beta-actin and results are expressed as density relative to actin.
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