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			Physiological responses to psychological stressors are protective in acute fight or flight situations; however, there is increasing evidence suggesting the detrimental impact of chronic psychological stress on disease. Chronic stress has been associated with inflammation, poor prognosis, increased morbidity, and poor outcome in many diseases including atherosclerosis, cancer, and pulmonary disease. Given the systemic impact of stress, and the role of the hematopoietic system as a rapid responder to homeostatic insults, we hypothesized that early blood profile changes and biochemical alterations could be detected in a model of chronic stress. To test this hypothesis, a variation of the chronic unpredictable stress (CUS) model was employed. Following 10 days of CUS, C57BL/6 mice exhibited a chronic-stress-associated corticosterone profile. Complete blood count (CBC) revealed mild normochromic, normocytic anemia, and reduced monocyte and lymphocyte count. Serum analysis demonstrated hypoferremia with unchanged total iron binding capacity and serum ferritin levels. These findings are consistent with clinical diagnostic parameters for anemia of chronic disease and indicate that CUS results in significant changes in blood and serum biochemical profile in C57BL/6 mice. These studies identify early changes in blood parameters in response to CUS and identify hematopoietic and biochemical alterations that are often associated with increased morbidity in patients experiencing chronic-stress-associated mental health disease.
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			Introduction

			Chronic stress has been associated with chronic illness such as obesity and depression and contributes to worse prognosis, accelerated disease progression, and poorer survival in many diseases including lung pathologies (1, 2), cardiovascular disease (3) [reviewed in Refs. (4, 5)], and cancer [reviewed in Ref. (6)]. In addition to altered mood and depressive or anxious behavior, chronic stress has been linked with increased inflammation (7–9) [reviewed in Refs. (10, 11)], hematopoietic stem cell activation (3), and functional impacts on immune populations (3, 9) and on erythropoiesis (12). Given the significant impact of chronic stress on patient morbidity and mortality, it is important to understand the physiological impact of chronic stress, and to identify ways in which the stress response may contribute to exacerbation of pathologies. Elucidating hematologic changes early after stress may provide insight into mechanisms of disease exacerbation and may allow for early detection of stress-related symptomology and pathology.

			Herein, we tested the hypothesis that early blood profile changes and biochemical alterations could be detected in a model of chronic stress. Using a variation of the chronic unpredictable stress (CUS) model, we demonstrated changes in serum corticosterone levels associated with a chronic stress response and dysregulation of the hypothalamic–pituitary–adrenal axis (HPA) often found in patients with depressive mood (13) and anxiety (14) or in caregivers (15). We also demonstrated significant blood profile changes that were readily detected via complete blood count (CBC) and serum iron analyses. These studies are significant in that they identify early hematopoietic and biochemical parameters altered by stress in C57BL/6 mice. These findings also provide insight into potential factors that may contribute to chronic psychological stress-induced exacerbation of disease.

			Materials and methods

			Animals

			B6.SJL-PtprcaPepcb/BoyJ C57BL/6 adult male mice aged 12–16 weeks were bred in-house or were obtained from The Jackson Laboratory (Stock #002014) (Bar Harbor, Maine, USA). Male mice were selected to reduce variability due to the effect of hormones onhematopoiesis. Studies were conducted at the Charleston Veterans Affairs Medical Center (VAMC), an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International-accredited program, with permission and oversight from the Charleston VA Institutional Animal Care and Use Committee (IACUC).

			Chronic Unpredictable Stress Procedures

			CUS cohort animals were subjected to each of the following stress procedures in variable order, at a rate of one stress procedure per day as described below, for 10 consecutive days. Stressors were based on existing models of chronic unpredictable/variable stress (3, 16, 17). Stressors included the following: rapid light/dark cycle (an automatic light timer was used to expose animals to bright light or darkness in 7-min on/off cycles for 2 h), cage tilt (animal cages were placed on a platform at a 45° angle for 6 h with the orientation of the cages rotated 180° hourly), predator urine exposure (coyote urine, Wildlife Research Center, Ramsey, MN) (a cotton ball with approximately 100 µl of coyote urine was placed on a petri dish on a wire rack inside a standard mouse cage outside of the reach of the mice for 10 min, with food and water removed for the 10-min duration of the exposure), reversed light cycle (animals were exposed to continuous room light for 24 h to enter a reverse light cycle pattern; this was followed by 48 h of a reversed 12-h on/off cycle, lights then remained on for 24 h to reenter a normal 12-h on/off light cycle; this altered light cycle was counted as 2 days of stress procedures), damp bedding (animals were transferred to standard home cages with damp corncob bedding and nesting material removed for 6 h), and rocking (standard home cages were secured to a plate rocker with forward/backward motion at ~30 rpm for 2 h). For acute stress data, animals were only subjected to a single predator urine exposure (as described above) 1 h prior to peripheral blood/serum analysis. Nonstressed control animals were untreated. Standard husbandry was maintained throughout the study for both cohorts.

			Peripheral Blood/Serum Analysis

			Blood was collected from control and CUS cohort animals 1–3h following the final stress procedure, between 10 am and 1 pm, on the 10th day. Complete blood count (CBC) was measured by Medical University of South Carolina (MUSC) Department of Comparative Medicine using a Hemavet 950FS Hematology System (Drew Scientific, Miami Lakes, FL). For serum analysis, clotted blood was centrifuged for 10–20 min at 4°C and 13,000 rpm, and serum was isolated. Iron analysis was performed by Cornell University (Cornell University Veterinary Diagnostic Laboratories, Ithaca, NY, USA), Corticosterone quantification was performed according to the manufacturer’s instructions [Corticosterone Enzyme Immunoassay (EIA) Kit, Arbor Assays, Ann Arbor, MI, USA]. Serum ferritin levels were quantified by Enzyme Linked Immunosorbent Assay (ELISA) according to manufacturer’s instructions (Abcam, Cambridge, MA, USA).

			Statistical Analysis

			Parametric tests (Student’s t tests or ANOVA where appropriate) were used where assumptions of normality (Shapiro–Wilk test) and homogeneity of variance (Brown–Forsythe test) were met. Violations of these assumptions (p ≤ 0.05) precipitated implementation of Welch’s corrections, data transformation, or nonparametric alternative testing (Mann–Whitney U or Kruskal–Wallis) where appropriate. Data for all experimental replicates were pooled prior to statistical analysis. *p ≤ 0.05 was considered significant for all tests (SPSS 24.0, IBM Corp, Armonk, NY, USA). Figures were generated using GraphPad Prism 5 Software (La Jolla, CA, USA).

			Results

			To examine the impact of chronic stress on early blood profile, a variation of the CUS model was employed wherein mice were subjected to one mild psychological or physical stress procedure per day, for 10 days. Stressors were presented in a variable, unpredictable order and were altered daily. As a measure of stress response, body weight (18) was measured at time zero and again at 10 days. There was a significant effect of stress on body weight; however, there was no significant effect of time, and there was no interaction between time and stress (Figure 1A).
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			Figure 1 | CUS response and CBC analysis. Chronic stress response was measured in animals following 1 day and 10 days of CUS procedures and compared to nonstressed control animals. (A) Body weight was measured at 1 day and 10 days following CUS, demonstrating a significant effect of stress [F(1,36) = 5.590], but there was no significant interaction between time and stress [F(1,36) = 0.259] and there was no significant effect of time [F(1,36) = 0.259, p = 0.614]. (B) Serum corticosterone levels were significantly elevated following acute stress (1 day), [t(14) = 2.915, *p = 0.011]. (C) Serum corticosterone levels were significantly decreased following 10 days of CUS procedures [t(20) = 2.431, *p = 0.025]. CBC comparison including (D) monocyte count (MO) [t(37) = 2.007, p = 0.052], (E) lymphocyte count (LY) [t(37) = 3.032, **p = 0.004], (F) neutrophil count (K/µl), and (G) neutrophil (K/µl)-to-lymphocyte (K/µl) ratio (NLR) [U = 351, p = 0.380; F(19,18) = 25.60, *p<0.001] in control versus CUS cohort animals showed hematopoietic alterations as a result of CUS procedures. (H) Red blood cell (RBC) count (U = 116.5, *p=0.038), (I) hemoglobin (U = 113, *p = 0.030), and (J) hematocrit were also reduced in CUS versus control cohort (U = 84.5, **p = 0.002). (*p ≤ 0.05, **p ≤ 0.01).

		


			Serum corticosterone levels are a common measure of stress response. To ensure that animals experience an acute elevation of corticosterone in response to acute stress, a single stressor of predator urine exposure was applied to a cohort of animals (acute stress). Following acute stress, corticosterone levels were significantly elevated (Figure 1B, 48.462 ng/ml versus 85.64 ng/ml, *p = 0.011). Serum corticosterone levels were also assessed following 10 days of stress procedures (chronic stress). At 10days, CUS-exposed mice exhibited significantly lower levels of corticosterone versus control animals (Figure 1C, 54.04 ng/ml versus 34.56 ng/ml, respectively, *p = 0.025). This blunted glucocorticoid response is consistent with dysregulation of the HPA axis (19) and is consistent with a chronic stress response (20, 21), adrenal insufficiency (21), or corticosterone-response habituation (22) [reviewed in Ref. (23)].

			To test the hypothesis that chronic stress results in early changes in hematologic parameters, peripheral blood was collected from CUS and control cohort animals following 10 days of CUS procedures, and complete blood count (CBC) analysis was performed. Results demonstrated decreased monocyte count (Figure 1D, 0.214 K/µl vs. 0.297 K/µl, respectively, p= 0.052). CUS cohort animals also exhibited significantly decreased lymphocyte count (Figure 1E, 1.939 K/µl vs. 3.134K/µl, respectively, *p = 0.004) indicating lymphocytopenia. Neutrophil count was increased in the CUS cohort but did not reach statistical significance (Figure 1F, 1.261 K/µl vs. 1.338K/µl, respectively, p= 0.5604). The neutrophil-to-lymphocyte ratio (NLR) was also analyzed, demonstrating a trend toward increased NLR in the CUS cohort (Figure 1G, 0.803 vs. 0.412, respectively, p = 0.380). When the NLR was further investigated to determine if there was an increase in variability due to stress, the variance ratio test revealed a significant increase in variance compared to control (*p < 0.001). An elevated NLR has been accepted as a clinical biomarker of inflammation and a predictor of poor prognosis in disease (24). Increased variance in this ratio reflects individual response to CUS and indicates that an inflammatory state is induced by CUS in C57BL/6 mice. These changes may represent one mechanism by which chronic stress contributes to disease exacerbation.

			Interestingly, CUS animals exhibited a significant reduction in red blood cell (RBC) count versus control (Figure 1H, 10.28M/µl vs. 10.65 M/µl, respectively, *p = 0.038). RBC parameters were unchanged (data not shown). Hemoglobin was significantly reduced in the CUS cohort [Figure 1I, 13.99 g/dL (CUS) vs. 14.45g/dL (control), *p = 0.030] as were hematocrit levels [Figure1J, 45.64% (CUS) vs. 47.43% (control), **p = 0.002]. Platelet count and mean platelet volume were unchanged (data not shown). Together, this demonstrates mild normocytic, normochromic anemia. To investigate the biological significance of these changes, serum samples were analyzed for iron parameters. Iron saturation was significantly reduced in the CUS cohort (Figure 2A, 39.10% vs. 44.30% in control mice, *p = 0.013) as were serum iron levels (Figure 2B, 123.9 µg/dL vs. 143.6 µg/dL, respectively, **p = 0.003), indicating hypoferremia resulting from CUS. To exclude iron deficiency anemia, total iron binding capacity (TIBC, a measure of transferrin levels) was examined and was not significantly altered in the CUS cohort [Figure 2C, 318.9 µg/dL (CUS) vs. 324.8 µg/dL (control), p = 0.540]. Thereby, iron deficiency was excluded as a cause of anemia in CUS cohort animals. Anemia of chronic disease is a chronic condition known to affect patients with chronic illnesses and is diagnostically defined by mild anemia, hypoferremia, normal or increased TIBC, and normal or elevated serum ferritin levels (25). Therefore, serum ferritin levels were quantified, revealing a nonsignificant increase in serum ferritin in the CUS cohort (Figure 2D, 939.1ng/ml vs. 861.9 ng/ml in control mice, p = 0.287), consistent with clinical diagnostic parameters for anemia of chronic disease.
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			Figure 2 | Serum analysis. (A) Iron saturation [t(18) = 2.753, *p = 0.013] and (B) serum iron concentration were decreased in CUS versus control cohort [t(13.387)= 3.645, **p = 0.003]. (C) Total iron binding capacity was not significantly altered [t(18) = 0.625, p = 0.540]. (D) Serum ferritin levels showed a nonsignificant increase in CUS versus control cohort [t(15) = 1.104, p = 0.287]. (*p ≤ 0.05, **p ≤ 0.01).

		


			Discussion

			This study demonstrates that CUS leads to early and clinically relevant blood profile and biochemical changes in C57BL/6 mice that are readily detected in live animals following 10 days of CUS. While behavioral assessments are often employed to determine the impact of CUS on depressive and anxious response, interpretation of results can be challenging due to strain-specific responses (26), and these changes can take 4–8 weeks to manifest (18), particularly in C57BL/6 mice. In this study, stress response was verified based on corticosterone levels, wherein we demonstrate an acute elevation in corticosterone following exposure to a single stressor and decreased corticosterone response to stress following 10 days of CUS procedures. CUS cohort animals also exhibited neutropenia, lymphocytopenia, as well as a mild decrease in monocyte count and increased variance in NLR, demonstrating immune impacts resulting from chronic stress. Increased NLR (24, 27) and mild anemia have been reported in patient populations as a result of chronic stress or chronic inflammation (28, 29). Also consistent with our findings, a stress-induced decrease in monocytes and Tcells in humans has been reported (30). However, other studies have demonstrated elevated monocyte levels in the blood of chronically stressed humans and increased contribution of inflammatory cell populations from bone marrow resulting from chronic stress in mice (3). While our study did not demonstrate these changes in the blood at the early (10-day) time point, it is possible that continued CUS would result in similar changes or that the observed reduction in circulating immune cells may be reflective of redistribution of these cells from the blood to the tissue. Thus, it is important to note that the immune impact of chronic stress can be highly time and context dependent and can vary with intensity and duration of the stressor, the strain or animal model employed, and the method and tissue type examined (30, 31) [reviewed in Ref. (23)].

			Iron-related changes, however, have been more consistent between studies and models of psychological stress (2, 12, 32–34). Similarly, our findings demonstrate mild hypoferremia, as well as normocytic normochromic anemia induced by chronic stress. Changes in iron absorption resulting from chronic stress have also been reported (33). While our study did not examine the effect of stress on iron absorption or dietary intake, body weight was not significantly altered between the control and CUS cohort at endpoint, nor was total iron binding capacity suggesting that the hypoferremia identified was not due to iron deficiency. Instead, our findings were consistent with diagnostic parameters for anemia of chronic disease. While the mechanisms driving anemia of chronic disease are not fully understood, glucocorticoids and inflammatory factors such as interleukin-6 (IL-6) and the IL-6–hepcidin axis (35) are believed to be involved. Clinically, anemia of chronic disease leads to shortness of breath, exercise intolerance, and, potentially, organ failure. Thus, iron-related changes such as anemia of chronic disease may represent a novel hematopoietic driver of chronic-stress-induced exacerbation of disease.

			There are multiple possible extensions of these findings including in-depth examination of specific impacts on immune populations such as monocyte activation state and analysis of T cell polarization (e.g., Th1/Th2) resulting from CUS. Future studies will examine these possibilities and will assess the longitudinal physiological impact of CUS-induced changes in the context of disease. This study is significant in that it demonstrates important changes in CBC and iron analyses, providing insight into potential novel early diagnostic parameters and hematopoietic changes induced by chronic stress. While additional studies are needed to fully characterize the functional impact of changes in blood and iron parameters, these are important factors that may contribute to disease exacerbation or exacerbation of symptoms in patients with comorbid chronic stress.
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