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ABSTRACT
Non-freezing cold injury (trench foot) is well known from military history, and persists as a frequent medical problem in military operations in a cold and wet environment. Preventive measures have proven difficult under field conditions even in summer, and the development of cold injury can not be counteracted by pharmacological interventions at present. Cold injury may affect the cells of the nervous system, blood vessels, musculature and skin. Cells in general are known to activate multiple intracellular pathways to be able to resist and repair cell damage due to pathological environmental stress of several kinds. We have therefore investigated such molecular defence reactions in cells from human skin (HaCaT keratinocytes) after exposure to +5 ºC. The results show that rewarming of cold exposed cells to 37 ºC causes rapid activation of enzyme cascades (protein kinases in series) and initiation of heat-shock response and cutaneous proinflammatory response. That is, within minutes after rewarming a transient phosphorylation of protein kinase and small heat-shock protein could be detected, and increased levels of heat-shock protein and proinflammatory cytokines could be observed during hours.The molecular responses to cold exposure seem to display dose dependence with respect to the duration of cold exposure. The results suggest that tolerance to cold injury might be enhanced by local pre-conditioning (protective heat-shock protein formed in advance of cold exposure) and by local administration of antioxidants and anti-inflammatory agents before warming of cold tissue. 
1.0 INTRODUCTION
1.1
Non-freezing cold injury

At circumstances when military operations or training must be performed in cold and wet environments for a prolonged time period, the probability of non-freezing cold injury of the extremities may be high. The onset of injury is accelerated by additional factors like malnutrition, dehydration, fatigue, tight-fitting clothing and vasoconstrictive effects of combat stress. Preventive measures, such as keeping extremities warm, dry and in motion, and frequent changes into dry clothing, have proven difficult under field conditions. Many casualties of non-freezing cold injury in the Falkland War 1982 were Royal Marines who were well equipped and trained for arctic conditions. Initial symptoms of injury include colour change to pale white feet (or hands) due to intense constriction of blood vessels, numbness and other sensory disturbances. Later symptoms include swelling, edema, and colour change from pale blue skin to redness followed by intense pain. The final stage with persistent pain and hypersensitivity to cool stimuli may last for weeks, months or years, and include peripheral nerve damage. At present, no pharmacological intervention is proven effective in the prevention or curative treatment of non-freezing cold injury. Since the best medication to be offered so far is symptomatic treatment of the persistent pain, any possibility to intervene at an earlier stage of the injury progression might be welcome. The present study concentrate on molecular events in cooled and rewarmed keratinocytes from human skin, to attempt to identify possible targets of pharmacological intervention at an early stage of cold injury. 
1.2
Cell stress signaling
Most eukaryotic cells respond to environmental stress stimuli by sequential phosphorylation and activation of protein kinases within multiple pathways. The stress signals are thereby transduced from the external to the internal of the cells, quite often to the cell nucleus where gene expression is initiated. The pathways coordinately regulate a final outcome of either cell survival or death (apoptosis) depending on the strenght and duration of stress. Any increased level of protein kinase phosphorylation following stress may therefore represent both protective and detrimental actions in the cell. The stress signal transduction by protein kinases has the potentiality to phosphorylate and activate a wide range of target substrates,  including other enzymes, transcription factors and proteins of the cytoskeleton, which all are mediators of  several different biological functions in response to cell stress. Some major pathways and mediators are selected for investigation with respect to cold stress responses in the present study.
1.2.1       MAP kinase cascades
The mitogen activated protein (MAP) kinase cascades constitute a family of  different three-stages protein kinase modules centrally embedded within the cellular signal transduction network.  Each cascade, named after the multifunctional MAP kinase of third stage, may respond to various regulators and stress sensors upstream and communicate with several different downstream effectors. Both the MAP kinase ERK (extracellular regulated kinase) cascade and the MAP kinase p38 cascade are activated by cytokines, receptor ligands, and certain stress stimuli in addition to their individual stimuli (1-3), and the two cascades share some of their downstream kinases that regulate stress related gene expression (3). The individual downstream kinases of the ERK cascade act as mediators of cell proliferation and are activated in response to growth factors or other mitogens, whereas those of the p38 cascade are regulators of immune mediator synthesis or cytoskeleton dynamics  and are activated in response to a wide range of stress stimuli (3).
1.2.2       Hsp70 and Hsp27
The 70kD heat shock proteins (Hsp70) are energy dependent molecular chaperones able to assist protein folding and refolding, and to prevent misfolding and aggregation of damaged proteins in the cell (4). The small heat shock protein (Hsp27) in its multimeric size is an energy independent chaperone, whereas in the phosphorylated oligomeric size Hsp27 is a cytoskeleton stabilizer (5). Both Hsp70 and Hsp27 have pro survival and anti apoptotic function and can complex with and stabilize several different signal proteins  in addition to their functions in cellular protein restoration. The cytoprotective functions of Hsp70 and Hsp27 are fundamental to cellular vitality at physiological conditions and are especially important during stress. The proteotoxic impact by cellular stress lead to strongly enhanced requirements for both Hsp70 and Hsp27. The heat shock proteins are synthesized to large amounts by the cellular heat shock response, which is a protein synthesis pathway activated under the influence of a wide range of stress stimuli, as was first observed by Ritossa (6) in the case of heat exposure.
1.2.3       Il-8 and Il-6

Keratinocytes are able to synthesize a repertoire of proinflammatory cytokines, including IL-8 and IL-6,  upon external stimulation or injury (7). IL-6 is a multifunctional cytokine which affects several different target cells in the organism with regard to immune related responses, and also exerts proliferative effect on keratinocytes in culture (8). IL-8 is a chemokine which selectively attracts neutrophil granulocytes by chemotaxis, and is able to activate them with respect to both exocytosis and respiratory burst (9). In addtion, IL-8 is regarded to stimulate keratinocyte proliferation, and both IL-8 and L-6 may play important roles in wound repair (10). 
2.0    MATERIALS AND METHODS

2.1
Materials

Products for cell culture by Gibco: Dulbecco’s modified  Eagle medium (low glucose) (DMEM), fetal bovine serum (FBS), fungizone (250 (g/ml, gentamicine (10 mg/ml), glutamine (29,2 mg/ml), trypsin (2,5%) were from Invitrogen A/S, Norway, and Nunclon( polystyrene culture flasks (75 cm² culture area) and petri dishes (6 cm) from Nunc A/S, Denmark. Primary antibodies, mouse monoclonal p-ERK, p-p38, p-JNK, rabbit polyclonal p-Hsp27 (Ser15 or Ser78) (Santa Cruz Biotechnology Inc, USA), mouse monoclonal Hsp70/Hsc70, rabbit polyclonal Hsp70B (StressGen Biotechnologies Corp, Canada), were used with the peroxidase-coupled secondary antibodies, rabbit anti mouseHRP and goat anti rabbitHRP  (DakoCytomation, Denmark). A specific p38 MAP kinase inhibitor SB 203580 (Promega, USA) was used as 10mM stock solution in dimethyl sulphoxide (DMSO) from Sigma-Aldrich Co, USA, which also delivered Triton X-100, Tween 20, and ethylenediaminetetraacetate (EDTA) 0,02% solution. Pre-mixed 30% Acrylamide/Bis (37,5:1) was purchased from Bio Rad Laboratories, USA, reagents for enhanced chemiluminicense (ECL) from Amersham Biosciences, England, and detection systems for human IL-6 or IL-8 (DuoSet ELISA) from R&D Systems Inc, USA. All other chemicals used were of analytical grade.
2.2
Cell culture

The human HaCaT keratinocyte cell line (11) was a generous gift from professor Norbert E Fusenig, German Cancer Research Center, Heidelberg, Germany. Cells were maintained with 20 ml DMEM, 5% FBS, 0,03% glutamine, 0,01 mg/ml gentamicin, 2(g/ml fungizone in culture flasks at 37 ºC in gassed (95% air and 5% CO2) humidified incubator and subcultured every 3-4 days. Cells plated on petri dishes with 3ml medium were used at 50-60% confluency for cold exposure experiments. 

2.3
Cold exposure and rewarming
HaCaT cells  were exposed to +5 ºC in a regular refrigerator without gassing for 1- 6 hours, and control cells were kept at room temperature (laboratory bench) for corresponding time periods without gassing. Other control cells were kept in the incubator at 37 ºC, or in some cases at 43 ºC to serve as positive controls for heat-shock response. After exposure, all cell media were exchanged with fresh medium at 37 ºC before rewarming 2 minutes-4 hours in the incubator at 37 ºC. Inhibition experiments were performed with 5-40 (M SB 203580, which was present in the medium for the latest hour of exposure and during rewarming, whereas the control cells were added the inhibitor solvent DMSO.
2.4       Western blot analysis

Cells were rapidly washed twice in 3 ml ice-cold 0,9% NaCl before lysis on the petri dishes in 150 (l 20 mM phosphate buffer pH 7,4 and 0,1 % Triton X-100 for 10 minutes. Proteins in equal volumes of cell extracts were separated by polyacrylamide gel (3% concentrating, 12% separating) electrophoresis under reducing and denaturating conditions, and electrophoretically transferred to nitrocellulose filters. Immuno blots were prepared by sequential incubations with primary and secondary antibodies as recommended by the ECL manufacturer, using 5 % non fat dry milk in the blocking buffer and 0,05 % Tween 20 in the  washing buffer. Proteins on the ECL treated filters were visualized by autoradiography on X-ray films. 
2.5 ELISA analysis

The content of IL-6 and IL-8 in cell extracts were detected by enzyme-linked immunosorbent assay (ELISA) according to manufacturer’s recommendation.  
3.0    results

3.1      Dose dependent activation of ERK cascade and heat shock response by cold exposure and rewarming    
Results on activation of ERK cascade and heat shock response in keratinocytes by cold exposure (5 ºC) of varied duration before rewarming (37 ºC), are shown in Fig 1 and Fig 2, respectively. A typical Western blot displayed increasing amounts of phosphorylated ERK in cells cooled 1-6 hours and rewarmed 30 minutes (Fig 1, 1C - 6C). Only minute amounts of phosphorylated ERK were displayed for cells kept 4-6 hours at room temperature before rewarming (Fig 1, 4B, 6B) or cells kept in incubator at 37 ºC throughout the time (Fig 1, Inc). The amounts of Hsp70 were detected with antibodies towards both total (inducible plus constitutive) Hsp70 (Fig 2, Hsp70, lower) and strictly inducible Hsp70 (Fig 2, Hsp70B, upper), and  extracts were prepared after 2 or 4 hours rewarming of the cells (Fig 2, latest figure of lane).  Typical Western blots displayed a higher level of newly synthesized Hsp70 in cells cold exposed for 6 compared to 4 hours, which was most pronounced for 4 hours rewarming (Fig 2, 6C4, 4C4). Similar results regarding the activation of heat shock response were obtained with either antibody, taken into account that the constitutive Hsp70 is present in all cells, including those which were not cold exposed (Fig 2 Hsp70, lower, 4B2, 8B2, Inc). The induction of Hsp70 by 4 hours cooling was relatively weak compared to that by 4 hours heat shock at 43 ºC  (Fig 2, 4C2, 4H2).
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Figure 1: Dose dependent activation of MAP kinase ERK by cold exposure and rewarming of keratinocytes. The cells were cooled 1 - 6 hrs at 5 ºC (lanes 1C – 6C) or kept 4 or 6 hrs at room temperature (lanes 4B, 6B) or at 37 ºC (lane Inc). The cells were rewarmed at 37 ºC for 30 minutes before preparation of cell extracts and detection with phospho specific (p-ERK) antibody on Western blot. 
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Figure 2: Dose dependent activation of heat shock response by cold exposure and rewarming of keratinocytes. The cells were cooled 4 – 8 hours at 5 ºC (lanes 4C2, 4C4, 6C2, 6C2, 8C2) or kept 4 hrs or 8 hrs at room temperature (lanes 4B2, 8B2) or at 37 ºC (lane Inc). The cells were rewarmed at 37 ºC for 2 or 4 hrs before preparation of cell extracts and detection on Western blots with antibody towards strictly inducible Hsp70 (Hsp70B, upper) or total (constitutive plus inducible) Hsp70 (Hsp70, lower). Cells exposed to 4 hrs 43 ºC heat shock and 2 hrs rewarming (lane 4H2) served as positive controls for heat shock response. 
3.2 Transient phosphorylation of Hsp27 and ERK by cold exposure and rewarming
The small heat shock protein (Hsp27) and MAP kinase ERK of keratinocytes was investigated with respect to phosphorylation by cooling (5 ºC) and varied duration of rewarming (37 ºC). Proteins were visualized on Western blots with antibodies for phosphorylated ERK (Fig 3, p-ERK, upper) and for Hsp27 phosphorylated on serine78 (Fig 3, p-Hsp27(78), mid) or serine15 (Fig 3, p-Hsp27(15), lower). The results showed transient phosphorylation of both Hsp27 and ERK in cells cooled 4 hours and rewarmed 2 – 120 minutes, with maximum at 10-30 minutes (Fig 3, lanes 10’, 20’, 30’) and barely detectable phosphorylation in cells rewarmed for either 2 or 120 minutes (Fig 3, lanes 4C2’, 120’). Control cells, kept 4 hours at room temperature and rewarmed 30 or 60 minutes, displayed only minute levels of phosphorylated Hsp27 or ERK (Fig 3, lanes 4B30’ and 60’) as did cells kept at 37 ºC throughout the time (Fig 3, lane Inc).
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Figure 3: Transient phophorylation of MAP kinase ERK and small heat shock protein (Hsp27) by cold exposure and rewarming of keratinocytes. The cells were cooled 4 hrs at 5 ºC and then rewarmed at 37 ºC for 2 – 120 minutes (lanes 4C2’, 10’, 20’ 30’, 60’, 120’) or kept 4 hrs at room temperature before rewarming at 37 ºC for 30 or 60 minutes (lanes 4B30’, 4B60’) or kept at 37 ºC (lane Inc). Proteins of cell extracts were detected on Western blots with antibodies towards phosphorylated ERK (p-ERK, upper), Ser78-phosphorylated Hsp27 (p-Hsp27(78), mid) or Ser15-phosphorylated Hsp27 (p-Hsp27(15), lower). 
3.3 Inhibition of Hsp27 phosphorylation by MAP kinase p38 selective inhibitor

Some enzymes of the MAP kinase p38 cascade are established as mediators of Hsp27 phosphorylation (12). However, we were not able to detect any activation of MAP kinase p38 in cooled and rewarmed keratinocytes with a specific antibody towards phosphorylated p38 (results not shown). The p38 selective inhibitor SB 203580 was therefore used to investigate any inhibitory effect on the phosphorylation of Hsp27 induced by cooling and rewarming. The inhibitor was added at varied concentrations (5 – 40 (M) to the cell media for the latest 1 hour of cooling (4 hrs, 5 ºC), and also to the media for rewarming (20 min, 37 ºC). Inhibitor solvent (DMSO) were correspondingly added to control cell media. The content of serine78-phosphorylated Hsp27 in cell extracts was visualized on Western blot with specific antibody, and  appeared to be strongly reduced by all concentrations of SB 203580 used (Fig 4, 4C20’, lanes SB5, 10, 20, 40) but independent on whether DMSO was present or not (Fig 4, 4C20’, lanes DMSO, 0).  
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Figure 4:  Inhibition of Hsp27 phosphorylation in cooled and rewarmed keratinocytes by MAP kinase p38  inhibitor SB 203580. The cells were cooled 4 hrs at 5 ºC and rewarmed 20 min at 37 ºC (lanes 4C20’) or kept 4 hrs at room temp before the rewarming (lanes 4B20’) or kept at 37 ºC (lane Inc). Cells were added DMSO (lanes DMSO), 5 – 40 (M SB 203580 (lanes SB5, 10, 20, 40) or nothing (lanes 0). Phosphorylated Hsp27 of cell extracts was detected with specific (p-Hsp27(78)) antibody on Western blot.
3.4 Induction of IL-8 and IL-6 by cold exposure and rewarming

Comparative profiles of IL-8 and IL-6 induction by cooling (3–6 hrs, 5 ºC) and rewarming (2 hrs, 37 ºC) of keratinocytes are shown in Fig 5. The results are corrected for cytokine contents of control cells kept at room temperature (3-6 hrs without gassing), which were 10-30% or 20% of the total IL-6 or IL-8 content in cold exposed cells. Cytokines were detected by ELISA on extracts prepared after rewarming of the cells. The results show a wider induction profile for IL-8 than for IL-6, so that higher inducible proportions of IL-8 than IL-6 (compared to maximal induction of each) is observed with 3, 5 and 6 hrs cooling (Fig 5, 3C2, 5C2, 6C2, grey columns for IL-8), whereas 4 hrs cooling led to similar and near maximal induction of both IL-8 and IL-6 (Fig 5, 4C2).   
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Figure 5: Induction profiles of IL-8 (grey columns) and IL-6 (black columns) by cold exposure and rewarming of keratinocytes. The cells were cooled 3 – 6 hrs at 5 ºC and rewarmed 2 hrs at 37 ºC. Cytokine content of cell extracts were analyzed by ELISA, and corrected for the content in control cell extracts. Control cells were kept 3 -6 hrs at room temp (without gassing) before the rewarming.
4.0    discussion

The present study concerns molecular responses to cooling (5 ºC) and rewarming (37 ºC) in keratinocytes from human skin.
The results show that both the signal pathway, MAP kinase ERK cascade, and the heat shock response  are activated in cooled and rewarmed keratinocytes in a cold dose dependent manner, such that activation increased with increasing duration of cold exposure up to 6 hrs at least (Fig 1 and 2). Also, the small heat shock protein Hsp27 and MAP kinase ERK appeared to be transiently phosphorylated in rewarmed cells, with maxima observed during a period of 10-30 minutes after rewarming (Fig 3). In addition, induced production of cytokines IL-6 and IL-8 were observed in the cooled and rewarmed keratinocytes, and also the induction profiles seemed to be differently regulated with respect to the duration of cooling (Fig 5). However, whether the different profiles may alternatively be due to different relative releases from cells is not known at present. The strong inhibition of Hsp27 phosphorylation by specific MAP kinase p38 inhibitor, SB 203580 (Fig 4), indicates a strong regulation by p38 in this reaction, which is in accordance with established knowledge on Hsp27 phosphorylation (12). The present results are consistent with previous results by cooling and rewarming regarding induction of heat shock protein in human fibroblasts and HeLa cells (13) and induction of IL-8 in human lung epithelial cells (14,15). 
The heat shock response is induced in cells by a wide range of stress stimuli, and the induction is often mediated by intracellular generation of reactive oxygen species (ROS) by the stress agents (16, 17). In accordance, ROS are suggested to be key mediators of cold-induced apoptosis in liver cells, due to the occurrence of lipid peroxidation observed during rewarming (18). Besides heat and cold stimuli, ultraviolet (UV) radiation is an agent to which human skin is frequently exposed. Interestingly, both UVB and UVA are inducers of heat shock response and inflammation, and are also found to induce respectively Hsp27 phosphorylation (19) and IL-8 production (20) mediated by ROS generation in human keratinocytes. An important feature of heat shock proteins and the heat shock response is the terms “thermotolerance” or pre-conditioning, which is the pre-exposure of cells to non-lethal doses of stress agents that makes them able to survive subsequent exposure to doses lethal under normal conditions (16). This phenomenon my be strongly mediated by the cytoprotective effects of increased levels of heat shock proteins.  
Severe cases of non-freezing cold injury my involve damage to large and small diameter peripheral nerves (21). It is therefore interesting in this context that neurons may have higher threshold than other cells for activation of heat shock response, but the survival of injured motor neurons or sensory neurons may be critically regulated and enhanced by upregulation of heat shock proteins Hsp27 and Hsp70 either endogenously (22, 23) or by  exogenous treatment (24). Also, phosphorylation of Hsp27 seemed to be required for survival of injured neurons (22).
Thus, the activation of signal pathway MAP kinase ERK cascade and probably MAP kinase p38 cascade, together with induced synthesis of heat shock protein and cytokines IL-8 and IL-6, as well as phosphorylation of small heat shock protein (Fig 1-5), indicates that cold exposure and rewarming may be a stressful stimulus to the keratinocytes. Since the reactions are general cellular defence reactions, the results suggest that local pre-conditioning with any stress agent (a few hours) in advance of serious cold exposure might be a possible intervention to enhance the tolerance for cold injury. Also, a cream containing 4 % of cytoprotective hydroxylamine derivative, Bimoclomol, might be worth to evaluate in this context (25). In addition, local application of adequate solutions of antioxidants and anti-inflammatory agents before rewarming might be possible interventions to counteract the progression of local cold injury. For example, both vitamins E, C and D are antioxidants with suppressive effects on cytokine synthesis in keratinocytes (20, 26, 27). 
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