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Abstract. 

 Methylcellulose (MC; 0.5% concentration) is commonly used when evaluating investigational agents 

for efficacy in preclinical models of disease. When administered by the oral (PO) route, MC is 

considered an FDA “generally recognized as safe” compound. Yet, there is limited data pertaining to 

the tolerability and impact on model fidelity of repeated intraperitoneal (IP) administration of 0.5% MC. 

Chronic administration of high concentration MC (2-2.5%) has been used to induce anemia, 

splenomegaly, and lesions in multiple organ systems in several preclinical species. Histopathological 

findings from a diagnostic pathologic analysis of a single mouse from our laboratory with 

experimentally-induced chronic seizures that had received repeated IP administration of antiseizure 

drugs delivered in MC revealed similar widespread lesions. This study thus tested the hypothesis that 

chronic administration of IP, but not PO, MC incites histologic lesions without effects on preclinical 

phenotype. Male CF-1 mice (n=2-14/group) were randomized to receive either 6 weeks of twice weekly 

0.5% MC or saline (IP or PO) following induction of chronic seizures. Histology of a subset of mice 

revealed lesions in kidney, liver, mediastinal lymph nodes, mesentery, aorta, and choroid plexus only in 

IP MC-treated mice (n=7/7). Kindled mice that received MC PO (n=5) or saline (IP n=6, PO n=3) had no 

lesions. There were no effects of IP MC treatment on body weight, appearance, seizure stability, or 

behavior. Nonetheless, our findings suggest that repeated IP, but not PO, MC elicits systemic organ 

damage without impacting the model phenotype, which may confound interpretation of investigational 

drug-induced histologic lesions.  
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Significance Statement: Methylcellulose (MC; 0.5% concentration) is commonly used when 

evaluating investigational agents for efficacy in preclinical models of disease. Herein, we demonstrate 

that repeated administration of 0.5% methylcellulose by the intraperitoneal, but not oral route, results in 

systemic inflammation and presence of foam-laden macrophages but does not impact the behavioral 

phenotype of a rodent model of neurological disease.  
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Introduction: 

Methylcellulose (MC) is a commonly used vehicle for the delivery of investigational agents in 

preclinical studies. Low concentration MC (0.5%) is widely used to formulate many investigational agents 

in preclinical animal models, including anti-tumor agents (Ehteda, Galettis et al. 2012), antiseizure drugs 

(ASDs; (Barton, Klein et al. 2001, Rowley and White 2010, Srivastava and White 2013, Koneval, Knox et 

al. 2018)), analgesics (Smith, Woodhead et al. 2017), and anti-nociceptive agents (G, Suvarna et al. 

2014). Within drug development laboratories wherein a chronic disorder is being modeled (e.g. epilepsy), 

animals can be serially reused for drug screening of multiple investigational agents delivered via 

intraperitoneal (IP) or oral (PO) administration in low concentration MC to minimize animal numbers 

(Srivastava and White 2013, Koneval, Knox et al. 2018). MC is a generally recognized as safe (GRAS) 

compound as defined by the FDA when administered by the oral route, which has further supported the 

preference of this vehicle for acute and chronic investigational drug administration studies, including 

within the numerous preclinical seizure and epilepsy models of the NINDS Epilepsy Therapy Screening 

Program (Kehne, Klein et al. 2017).  

Though frequently used, limited data exists pertaining to the safety, tolerability, and impact on 

preclinical model phenotype of repeated systemic administration of low concentration MC in laboratory 

animals. Chronic oral administration of escalating concentrations of MC (0-25%) in chow is well-tolerated 

in rats, rabbits, and dogs, with concentrations up to 5% having no impact on growth after over 1 year of 

chronic administration (Hodge, Maynard et al. 1950). However, long-duration (4 weeks or more) chronic 

administration of high concentration MC (2-2.5%) delivered by the IP route has historically been used to 

induce anemia and splenomegaly in rats and dogs (Teoh 1961, Weissman, Waldmann et al. 1961). 

Further, these studies have reported the accumulation of foam-laden macrophages in the 

glomerular capillaries, liver, spleen, lymph nodes and other tissues in rodents administered MC via IP 

and intravenous (IV) routes with both acute (single dose) and chronic (1x/day for 4-12 weeks) drug 

administration regimens as assessed by diagnostic histopathology (Weissman, Waldmann et al. 1961, 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 2, 2019 as DOI: 10.1124/jpet.119.257261

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 257261  

 

   
 

6 

Roth and Krinke 1994, Kaneko, Shiozawa et al. 2003). Similarly, diagnostic necropsy and histopathology 

of a single corneal kindled mouse (CKM), a well-established moderate-throughput preclinical model of 

chronic temporal lobe epilepsy (TLE), in-use within our laboratory for the repeated evaluation of 

investigational ASDs formulated in low concentration MC similarly demonstrated these foam-laden cells 

within the glomeruli, liver, spleen, lymph nodes, mesentery, serosal surfaces, and pancreas with 

widespread attending inflammation. Rodents with chronic seizures exhibit greater sensitivity to chemical 

compounds compared to naïve rodents, including reduced threshold for motor-impairing adverse effects 

(Honack and Loscher 1995, Potschka and Loscher 1999, Klitgaard, Matagne et al. 2002), thus it was 

unclear if these histological lesions were limited to kindled rodents as a result of their increased sensitivity 

to adverse drug effects, or a more broad effect of low concentration MC in mice, in general. We thus 

endeavored to define whether repeated administration of low concentration MC delivered via the IP 

versus PO route induced histologic lesions in epileptic and/or non-epileptic mice and also sought to 

determine if repeated administration of low concentration MC is associated with any loss of model fidelity 

in CKM versus sham-kindled mice. 

This study was designed to evaluate the systemic and behavioral impact of repeated 

administration of MC at a concentration (0.5%) most commonly used for early evaluations of 

investigational drugs for many clinical disorders, including epilepsy, cancer, and neuropathic pain 

(Ehteda, Galettis et al. 2012, G, Suvarna et al. 2014, White and Barker-Haliski 2016, Smith, Woodhead 

et al. 2017, Patra, Barker-Haliski et al. 2018) and determine whether low concentration MC itself incites 

systemic lesions that could affect our ability to adequately assess novel ASDs or other investigational 

agents. Finally, because epilepsy itself is associated with increased central neuroinflammation (Vezzani, 

Friedman et al. 2013, Barker-Haliski, Loscher et al. 2017), and peripheral inflammation may also 

exacerbate seizure severity or accelerate epileptogenesis (Auvin, Mazarati et al. 2010, Auvin, Shin et al. 

2010, Cusick, Libbey et al. 2013), any induction of systemic inflammation may alter the disease 

pathogenesis in our CKM model, which may further modify the preclinical model phenotype. For example, 
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the kindled seizure stability could be affected or chronic behavioral deficits exacerbated as a result of the 

enhanced peripheral inflammation induced by chronic MC administration (Auvin, Shin et al. 2010). This 

study highlights the necessity of considering and evaluating the behavioral and systemic effects of 

repeated and/or chronic administration of diluents and vehicles used in preclinical drug studies. 

 

Materials and Methods: 

Mice. Three week old, male Hsd:NSA (CF-1) mice were obtained from a commercial vendor (12-14 g; 

Envigo, Haslett, MI). Animals were housed on a 14:10 light:dark cycle within the University of 

Washington animal care facilities. Animals were given free access to food (Irradiated PicoLab Rodent 

Diet 5053; LabDiet, St. Louis, MO) and water (reverse osmosis purified, chlorinated, water provided in 

hydropacs or as automatic rack water), except during the periods of behavioral manipulation. Animals 

were initially housed 5/cage in autoclaved individually ventilated cages (Allentown Inc., Allentown, NJ) 

with autoclaved corn cob bedding (The Andersons, Maumee, OH) and free access to nesting materials 

(Nestlets; Ancare, Bellmore, NY).  Mice were maintained specific pathogen free via a rodent health 

monitoring program and were certified by the vendor to be free of specific rodent pathogens including 

ectoparasites, endoparasites, enteric protozoan, Encephalitozoon cuniculi, ectromelia virus, Hantaan 

virus, K virus, lactic dehydrogenase elevating virus, minute virus of mice, mouse adenovirus, mouse 

cytomegalovirus, mouse hepatitis virus, mouse parvovirus, mouse polyoma virus, mouse rotavirus, 

mouse thymic virus, murine norovirus, pneumonia virus of mice, respiratory enteric virus III, sendai 

virus, Theiler’s murine encephalomyelitis virus, Helicobacter spp., as well as known enteric and 

respiratory bacterial pathogens. All procedures were approved by the University of Washington 

Institutional Animal Care and Use Committee and conformed to the ARRIVE guidelines (Kilkenny, 

Browne et al. 2011). 

Corneal Kindling. Following a 1-2-week acclimation period, mice underwent corneal kindling (n = 

47) or sham kindling (n = 35) for 3-4 weeks, consistent with our established protocols (Barker-Haliski, 
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Johnson et al. 2017, Koneval, Knox et al. 2018). Corneal kindled mice received a 3 second (60 Hz, 3 mA 

intensity) stimulation twice daily until acquisition of kindling criterion defined as 5 consecutive Racine 

stage 5 seizures. Each twice daily corneal stimulation was delivered at least 4 hours apart. Sham kindled 

mice received twice daily handling, topical tetracaine, and electrode application without electrical 

stimulation. Kindling criterion was reached after twice daily corneal stimulation for 10-16 days. Any mouse 

not achieving the fully kindled state was not included in this study.  

Influenza Clinical Control. A cohort of n = 10 nine-week-old female C57BL/6J mice were 

obtained from Jackson Laboratories (Bar Harbor, ME) to serve as positive controls for the clinical exam 

scoring criteria. Mice were allowed to acclimate to the housing facility for one week. Following 

acclimation, mice were lightly anesthetized with isoflurane gas and infected via oropharyngeal 

aspiration with 50 µL of influenza A/Puerto Rico/8/34 virus diluted in 1 x Phosphate Buffered Solution 

(PBS) to 0.5 times the LD50 (10 Plaque Forming Units). Mice were scored using the above-described 

visual clinical disease scoring criteria 8 days post inoculation during the peak disease period. No 

tissues were collected, or behavioral assessments were performed for this cohort. 

 

MC or Saline Administration Paradigm. Methylcellulose (MC, 0.5%; Sigma Aldrich catalog #M0430) 

was formulated in sterile water and administered IP or PO at a volume of 0.01 mL/g, twice/week for 6 

weeks upon acquisition of the fully kindled state. Sterile saline (SAL) was similarly administered (0.01 

mL/g). Administration of 0.5% MC or SAL twice/week for 6 weeks commenced 5-7 days after the last 

stimulation (or sham) needed for all mice to be fully kindled. CKM were randomized to receive either 

0.5% MC or SAL by the IP (MC: n = 14; SAL: n = 12) or PO (MC: n = 5; SAL: n = 3). Sham kindled mice 

were similarly randomized to receive either MC or SAL by the IP (MC: n = 13; SAL: n = 12) or PO (MC: 

n = 5; SAL: n = 5) route. CKM were randomized into SAL or MC treatment groups and IP or PO 

administration route groups based on date of acquisition of the fully kindled state such that all groups 

were balanced to include both mice that achieved early and late kindling criterion. Sham kindled mice 
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were randomized within cages. Mice were stimulated or sham-stimulated 24 hours prior to each MC or 

SAL administration day to insure the stability of the Stage 5 seizure, consistent with our drug screening 

protocols in CKM (Barker-Haliski, Vanegas et al. 2016, Barker-Haliski, Johnson et al. 2017, Koneval, 

Knox et al. 2018). The following day, mice were administered either SAL or MC by the assigned route 

of administration, twice weekly for 6 weeks. Health assessments were performed at 4 time points 

during the study period by a veterinarian blinded to kindling status and treatment group. 

At the conclusion of the 6-week MC/SAL administration period, mice were euthanized via CO2 

asphyxiation using a gradual displacement method (10-30% volume per minute) according to the 2013 

AVMA Guidelines for the Euthanasia of Animals (Leary, Underwood et al. 2013). Blood was collected via 

cardiocentesis from a subset of mice immediately following euthanasia and placed directly into blood 

tubes containing EDTA (BD Microtainer Tubes with EDTA, BD Biosciences) and serum separator tubes 

(BD microtainer Serum Separator Tubes-Gold, BD Biosciences, San Jose California). Serum was 

separated by centrifugation (9,000 RCF x 5 minutes) within two hours of collection and serum and whole 

blood from a subset of animals (CKM: IP MC: n=6; IP SAL: n=5; PO MC: n=3; SHAM: IP MC: n = 5; IP 

SAL: n = 4; PO MC: n = 5; PO SAL: n = 5) were submitted to a veterinary diagnostic laboratory for 

complete blood count (CBC) and clinical serum biochemistry profiling (Phoenix Central Laboratories, 

Mukilteo, WA). Necropsies were performed on all animals within the study. Histopathology was performed 

on a subset of animals from each experimental treatment group (CKM: IP MC: n=7; IP SAL: n=6; PO MC: 

n=5; PO SAL: n=3; SHAM: IP MC: n = 6; IP SAL: n = 6; PO MC: n = 5; PO SAL: n = 5).  

 

Open Field Testing. An automated open field (OF) activity assessment was performed by an investigator 

blinded to treatment group at the end of the 6-week MC/SAL treatment period for all mice administered 

IP MC/SAL (sham versus CKM), as previously described (Barker-Haliski, Dahle et al. 2015, Barker-

Haliski, Johnson et al. 2017, Koneval, Knox et al. 2018). In this assay, each mouse was habituated to 

the testing room for at least 1-hour. The rodent was then placed into the center of a Plexiglas OF chamber 
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(40L × 40W × 30H cm) equipped with infrared sensors to detect animal movement for 10 minutes. During 

the 10-minute period, the total distance travelled (cm), vertical activity counts, and horizontal activity 

counts were measured and recorded by an automated software program (Omnitech Electronics, 

Columbus, OH). 

Health Assessment. Mice were weighed weekly throughout the study. In addition, physical health was 

assessed using a visual clinical exam scoring system (Table 1) adapted from previously published visual 

scoring systems used to assess overall health of mice (Rex, Boyd et al. 2016, Mai, Sharma et al. 2018). 

Animals were assessed for their general appearance, behavior, body condition (Ullman-Cullere and Foltz 

1999), and overall clinical condition by a single investigator (SM) blinded to experimental treatments  

Within each of those categories, animals were assigned a score of 0-3 based on the presence or absence 

of various abnormal signs or symptoms. The scores from each category were summed to determine an 

overall clinical score (range of 0-11). Animals were scored at four separate time points throughout the 

study: 1) one-week after kindling acquisition, prior to the initial administration of MC/SAL, 2) after 1 week 

of MC/SAL treatment, 3) after 2.5 weeks of MC/SAL treatment and 4) after 6 weeks of MC/SAL treatment. 

Care was taken to perform assessments at approximately the same time of day. Mice were assessed 

within their home cages by the observer inside the animal housing room shortly after each cage was 

opened within a laminar flow hood. Mice infected with influenza were similarly assessed on the second 

clinical exam, 8 days post infection. 

Histology.  Tissues were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned, and 

stained with hematoxylin and eosin. Sections of lung, thymus, heart, kidney, liver, spleen, salivary glands, 

pancreas, mesentery, lymph nodes, male reproductive tract, bladder, stomach, intestines, and decalcified 

cross sections of the cranial and caudal portions of the head were evaluated microscopically by a board-

certified veterinary pathologist (PMT) masked to experimental treatments. All tissues were visually 

scanned for the presence or absence of foam-laden macrophages (FC). A subset of tissues was selected 

for further semi-quantification of the number and extent of FC cells present, based on repeated 
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observation of FC cells in those tissues amongst multiple animals. Tissues included in the scoring were: 

liver, lung, kidney, spleen, mesentery, arteries, and choroid. Each tissue was assigned a FC cell score 

to semi-quantify the number of FC cells present and a tissue damage score to capture the presence or 

absence of degeneration and/or necrosis associated with FC cells (Table 2). A total disease score was 

determined by first multiplying the FC cell score by the tissue damage multiplier for each tissue and then 

summing the number of affected tissues plus the individual tissue scores within a mouse. In order to 

further characterize the material contained within the FCs, and secondary tissue damage (fibrosis), a 

subset of tissues was selected and stained with Periodic Acid-Schiff (PAS) and Masson’s trichrome stain. 

 

Statistics.  

Group sizes were based on our well-established kindling acquisition rates and powered for 

histopathological analysis. Histopathology with a minimum group size of n = 3 gives 80% power at 95% 

significance to detect a 1.5 standard deviation difference in Disease Score between treatment groups. 

Our historical experience with corneal kindling indicates that >60% of CF-1 mice achieve the fully 

kindled state after 3 weeks of corneal stimulation (Barker-Haliski, Johnson et al. 2017, Koneval, Knox et 

al. 2018). Rate of corneal kindling acquisition was analyzed by repeat measures ANOVA (kindling 

group x time), with a post-hoc Bonferroni’s test. Change in body weight during the MC/SAL treatment 

period was analyzed by repeat measures ANOVA (treatment condition x time), with a post-hoc 

Bonferroni’s test. Clinical exam was analyzed by repeat measures ANOVA (treatment condition x time). 

OF data was analyzed by a two factor ANOVA (kindling x treatment). Histopathologic disease scores, 

hematology results, and serum biochemistry analytes were analyzed by one-way ANOVA with a post-

hoc Tukey’s multiple comparison test. For all tests, p<0.05 was considered statistically significant. All 

statistical analysis was performed in GraphPad versions 5.0 or later (La Jolla, CA). 
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Results: 

Repeated administration of low concentration MC or SAL does not affect body weight gain or long-term 

kindled seizure stability after corneal kindling. 

 Corneal kindling of male CF-1 mice typically results in 60-80% of animals achieving the fully 

kindled state (Koneval, Knox et al. 2018). In this study, (34/47) 72% of mice achieved criterion (Figure 

1A). There was no effect of repeated administration of MC or SAL on the stability of the corneal kindled 

seizure during the 6-week study period (F (10, 176) = 0.2788, p > 0.9; Figure 1B); all mice consistently 

demonstrated secondarily generalized Racine stage 4 or 5 seizures throughout the testing period.  

Animals were randomized to treatment after acquisition of the kindled state, so as to evenly distribute 

kindled states across treatment groups. There was no time x treatment effect on the percent change in 

body weight gain during the 6-week MC/SAL treatment period (F (5, 11) = 0.7145, p > 0.6; Figure 1C). 

There was also no overt effect of any treatment on raw body weight gain during the treatment period 

(Figure 1D). 

 

Clinical examination during the treatment period reveals no overt effects of repeated low concentration 

IP MC administration in CKM or sham-kindled mice. 

 A veterinarian blinded to treatment and kindling status assessed general appearance, behavior, 

and activity of each animal at four separate time points during the 6-week treatment period to determine 

if there was any impact of treatment on general health of the animals. All mice appeared clinically healthy, 

active, and in good body condition throughout the study period. There were no treatment x kindling group 

effects at any point during the monitoring period (Figure 2A; F (15, 39) = 0.3955, p > 0.9). For comparison, 

mice infected with influenza A virus and similarly scored with this clinical exam criteria 8 days post-

infection demonstrated an average clinical disease score of 4.8±0.13 (Figure 2B).  
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Open field assessment reveals no effect of repeated IP MC administration on behavioral comorbidities 

of epilepsy. 

 Open field (OF) activity is a commonly used moderate-throughput means to assess behavioral 

deficits in rodents. We and others have demonstrated that CKM demonstrate increased exploratory 

activity (indicative of spatial memory deficit) and/or increased perimeter-seeking behavior (thigmotaxis; 

indicative of anxiety-like behavior) in this task (Albertini, Walrave et al. 2017, Koneval, Knox et al. 2018), 

consistent with clinical reports of these behavioral comorbidities in human patients with epilepsy (Brooks-

Kayal, Bath et al. 2013). Thus, to define whether repeated IP MC or SAL impacted any behavioral aspects 

of the CKM model, which could impact the overall phenotype of this preclinical model, we assessed OF 

exploration and thigmotaxis of mice after the final MC/SAL treatment. Because pilot studies of PO 

administration of MC did not reveal any histopathological lesions or OF deficits in any of the mice treated 

by this route, our group size was powered for histology instead of behavior for the PO MC/SAL sham and 

CKM treatment groups and thus these groups were not evaluated for exploratory behavior in the OF. 

There was a main effect of kindling (F (1, 41) = 11.04, p<0.0019) on total distance traveled within the OF, 

but no significant effect of IP MC treatment (Figure 3A; F (1, 41) = 0.0797, p>0.7). There was no effect of 

treatment or kindling on distance travelled within the center of the OF (kindling: F (1, 42) = 0.004681, p>0.9; 

treatment: F (1, 42) = 0.7577, p>0.3; Figure 3B). There was also no effect of treatment on vertical rearing 

activity in the center of the OF (kindling: F (1, 43) = 0.3245, p>0.5; treatment: F (1, 43) = 0.2987; Figure 

3C), or percent of total time at rest in the OF center (kindling: F (1, 42) = 1.179, p>0.2; treatment: F (1, 42) = 

0.0016, p>0.9; Figure 3D). Thus, 6 weeks of repeated administration of MC by the IP route was not 

associated with marked alterations in behavioral comorbidities of chronic seizures in CKM, which could 

have been otherwise useful to cue an investigator to the effect of the vehicle versus investigational drug 

in this model. 

 

Repeated IP administration of MC does not affect routine hematology or serum chemistry parameters. 
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 Previous reports suggest that repeated, high concentration, long-duration IP MC administration 

can lead to erythrophagocytosis and anemia in mice, rats and dogs (Teoh 1961, Weissman, Waldmann 

et al. 1961, Fitch, Rowley et al. 1962, Rowley, Fitch et al. 1962, Salman, Bessler et al. 2006). In addition, 

chronic administration of high concentration, long-duration IP MC in mice resulted in changes in 

circulating white blood cell profiles, with significant decreases in circulating lymphocytes and increases 

in circulating monocytes and polymorphonuclear cells (Salman, Bessler et al. 2006). In order to determine 

if repeated, low concentration IP MC administration could induce changes in circulating red or white blood 

cells in CKM or sham-kindled mice, we collected blood from IP and PO MC and SAL treated mice at the 

time of euthanasia (n=4-6 mice/group). There was no evidence of anemia associated with low 

concentration IP MC administration in our study, demonstrated by similar values in red blood cell number, 

hematocrit, or hemoglobin concentration between IP and PO MC and SAL treated mice (Table 3). 

Similarly, there were no differences observed in circulating white blood cell numbers between mice that 

received IP MC versus SAL (Table 3). Interestingly, while all parameters were within a range considered 

biologically normal, neutrophil and monocyte counts were higher in animals that received repeated IP 

injections (SAL or MC). In addition to anemia, repeated high concentration IP MC administration has 

been associated with alterations in clinical chemistry parameters, such as blood urea nitrogen 

concentrations ((BUN; (Weissman, Waldmann et al. 1961)). We therefore sought to evaluate if low 

concentration IP MC influenced standard serum biochemistry profiles in our model. We analyzed serum 

collected at the time of euthanasia from PO or IP MC and SAL treated animals for 12 different serum 

analytes including BUN, calcium, phosphorus, and liver enzymes. Again, all parameters were within a 

biologically normal range and no significant differences were observed between animals that received IP 

MC versus SAL (Table 4). 

 

Histopathological assessment after 6 weeks of repeated low concentration IP MC administration 

reveals widespread accumulation of MC-laden foam cells. 
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 Necropsy at the completion of in-life testing revealed no significant gross lesions in any animal 

regardless of treatment group. Histopathological assessment however revealed widespread 

accumulations of large FC (interpreted as macrophages containing MC) in multiple tissues in all of the IP 

MC-treated mice regardless of kindling status (Figures 4, 5 and 6). In order to further characterize the 

vacuolated material within the FCs, we performed PAS staining on selected tissues. Consistent with 

previous findings (Roth and Krinke 1994), PAS staining of the FCs was primary negative (Figure 5F, 

insert) with rare cells having light pink punctate cytoplasmic uptake, suggesting that the large vacuoles 

within FC contained MC rather glycogen or other polysaccharide accumulations. Tissues from SAL-

treated mice, as well as animals receiving MC via the PO route, were normal (Figure 4 A, C, E). Organs 

affected in the IP MC-treated group included the liver, lung, kidney, spleen, mesentery, large arteries, 

and choroid plexus. The FC aggregates ranged in size and severity from single FCs within an affected 

tissue to coalescing clusters of FCs (Figure 4 B, D, F and Figure 5). In some cases, the FCs were 

attended by inflammatory cells (most often lymphocytes and histiocytes with occasional neutrophils; 

Figure 4D,5C, and 5E). In some of the larger foci there was secondary tissue damage, such as 

glomerulonephritis (Figure 5F), minimally increased hepatic fibrosis (Figure 5D), or mesenteric necrosis 

(data not shown). FCs were noted in one animal in the lumen of the carotid artery (Figure 5A) associated 

with large accumulations of FCs in the intimal and subintimal regions (Figure 4F and 5A). Similar intimal 

and subintimal accumulations were present in the aortas of two animals (data not shown). Within the 

central nervous system (CNS), FC accumulations were noted in the choroid (Figure 5B) with no attending 

inflammation. A total disease score was developed as outlined in Table 2 in order to better quantify the 

presence and extent of FCs and tissue damage associated with each treatment group. Only animals 

receiving IP MC demonstrated a quantifiable disease score (Figure 6), however there was no significant 

difference between the lesions observed in CKM versus sham-kindled mice. With the exception of a few 

scattered FC within the spleens of MC-treated mice, there were no morphological differences between 

the groups observed grossly or histologically (data not shown). Similarly, the bone marrow was not 
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different histologically (data not shown). In both IP SAL and IP MC treated animals, there was mild to 

moderate mesenteric inflammation consistent with repeated IP injections. In the IP MC-treated mice, 

occasional mesenteric inflammatory foci contained clusters of FCs (Figure 5E).  

 

Discussion: 

MC is a commonly used formulation vehicle for preclinical studies because it is considered benign and 

well-tolerated in laboratory animals (Gad, Cassidy et al. 2006). Despite frequent use, we herein 

demonstrate that repeated administration (twice-weekly) of low concentration MC (0.5%) via the IP, but 

not PO, route to both sham- and CKM is associated with widespread systemic accumulation of MC-

laden macrophages. This present MC administration protocol was not associated with overt evidence of 

behavioral deficits that could otherwise indicate a general impact on the preclinical model phenotype; 

mice demonstrated no differences in body weight gain, stability of kindled seizures, clinical disease 

score, or behavioral deficits after 6 weeks of twice-weekly IP MC administration. Furthermore, there 

were no significant changes in clinical hematology or serum biochemistry profiles associated with the 

repeated IP MC regimen. Thus, despite the histopathology in multiple organ systems, IP MC-treated 

mice in our present study were visibly and behaviorally comparable to IP SAL- and PO MC-treated 

counterparts, regardless of kindling status. Repeated administration of MC via the IP route at the 

concentration delivered (0.5%) was not found to be overtly detrimental to the overall well-being of the 

mice in this study. We thus demonstrate that the only appreciable impact of repeated IP administration 

of low concentration MC on the CKM model of epilepsy is systemic histopathological lesions in multiple 

organs. These findings indicate that low concentration IP MC could lead to organ damage that would 

not manifest on effects on the model phenotype, but would potentially be inappropriately attributed to 

an investigational agent in the absence of vehicle-controlled histopathology. 

Chronic administration of high concentration IP MC has been historically used to induce 

hypersplenism and anemia in dogs, mice, and rats (Palmer, Eichwald et al. 1953, Weissman, Waldmann 
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et al. 1961, Fitch, Rowley et al. 1962, Rowley, Fitch et al. 1962, Salman, Bessler et al. 2006). Following 

a 2x/week for 12-15 week IP MC administration period, Palmer and colleagues (Palmer, Eichwald et al. 

1953) and later Weissman and colleagues (Weissman, Waldmann et al. 1961) induced splenomegaly. 

Further, those animals demonstrated accumulation of opaque, straw-colored ascetic fluid in the abdomen 

and whitish-grey areas on spleens themselves (Palmer, Eichwald et al. 1953). Of note, our study 

employed significantly fewer IP MC administration days (12) and a lower MC concentration (0.5%) than 

these prior studies. Necropsy of all animals in study demonstrated no signs of overt hypersplenism; 

spleens were grossly normal in all groups. We did not detect any ascetic fluid, and histologically there 

were low numbers of FCs present within the splenic parenchyma and no evidence of pathologic 

erythrophagocytosis. Nonetheless, few reports exist in the extant literature to point to any potential 

adverse histological effects of repeated IP administration of low concentration MC in laboratory rodents. 

In this regard, the present study indicates that while repeated low concentration MC administered IP may 

be associated with systemic histopathology, this does not manifest in loss of behavioral fidelity of the 

preclinical model. The repeated IP administration of any substance can cause some degree of mesenteric 

inflammation (Hubbard, Chen et al. 2017). With the exception of occasional clusters of FCs within some 

mesenteric inflammatory foci in MC-treated mice, the mesenteric inflammation was not morphologically 

different between groups, nor did this lesion manifest in any loss of condition or behavioral fidelity among 

any group. 

Our histology confirms previous reports, which noted FCs in multiple tissues of MC-treated 

rodents. Previous publications investigating hypersplenism induced by high concentration MC delivered 

by the IP route report FCs in spleen, liver, kidney, adrenal, mesentery, lung, aorta, lymph nodes, bone 

marrow, and choroid (Teoh 1961). Secondary changes to affected tissues such as glomerulonephritis, 

tubulointerstitial nephritis, and massive splenomegaly with hemosiderosis and changes in clinical 

hematology and biochemistry profiles were reported in studies using much greater concentrations of MC 

for longer periods than employed in our present study (Palmer, Eichwald et al. 1953, Teoh 1961, 
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Weissman, Waldmann et al. 1961, Salman, Bessler et al. 2006). More recently, accumulations of 

presumed macrophages laden with MC in the choroid of rats injected daily IP with 5 mL/kg MC (0.5%) in 

water have been reported (Roth and Krinke 1994). As in our present study, they noted no behavioral or 

neurologic signs that could have been otherwise useful to cue an investigator to potential pathologic 

differences due to the formulation vehicle itself.  

Intraperitoneal administration of substances is often chosen for small laboratory animals, such as 

rodents, where vascular access is technically challenging (Turner, Pekow et al. 2011). Depending on the 

injectate, absorption occurs primarily via mesenteric vessels to the portal vein and thoracic lymphatics 

via diaphragmatic lacunae (Lukas, Brindle et al. 1971, Abu-Hijleh, Habbal et al. 1995). Presumably, MC 

and MC-laden cells access the systemic circulation and lodge most often and in greatest amounts within 

tissues that are well vascularized, with small caliber vascular channels such as glomerular and pulmonary 

capillaries, and have a filtration function; for example, the liver, spleen, and choroid. Direct exposure to 

circulating FCs or MC results in intimal and subintimal accumulation of FCs in large arteries, as in carotid 

that we presently report. Whether other routes of administration of investigational substances, such as 

subcutaneous or intravenous, would be similarly associated with the presence of MC-laden cells in well-

vascularized tissues remains to be defined. Nonetheless, the present study demonstrates the clear need 

to comprehensively define whether an injectate, whether commonly used or not, is associated with any 

potential for adverse behavioral, hematologic, or histologic adverse effects in advance of chronic 

administration studies. Herein, we find that only histologic lesions were detectable to indicate adverse 

effects of low concentration IP-administered MC on the physiology of both sham-kindled and CKM. 

The CKM is a well-established animal model of temporal lobe epilepsy frequently used for ASD 

discovery (Barker-Haliski, Johnson et al. 2017, Kehne, Klein et al. 2017). Further, this model 

demonstrates a pharmacological profile that is consistent with the clinically-validated amygdala-kindled 

rat model that identified levetiracetam (Matagne and Klitgaard 1998, Barker-Haliski 2019). CNS 

inflammation is also observed in CKM (Loewen, Barker-Haliski et al. 2016). It could be thus hypothesized 
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that systemic inflammation associated with FC accumulation could be sufficient to modify the seizure 

phenotype of this model. Inflammation may contribute to seizure induction and maintenance (Vezzani, 

Friedman et al. 2013), thus one important finding of this study is that the behavioral and seizure 

phenotype of animals in this study were not significantly affected by the repeated low concentration IP 

MC administration protocol when administered after acquisition of the fully kindled state, despite the 

presence of inflammatory cells within the periphery (i.e. outside the CNS). This IP MC-induced systemic 

inflammation was not associated with any differences in the behavioral manifestation of the CKM model 

of epilepsy. First, the body weight gain of CKM was not impacted by repeated IP versus PO MC or IP/PO 

SAL administration. Second, the behavioral comorbidity of epilepsy (spatial memory deficits in an OF) 

was not affected by this repeated IP MC administration. Finally, the stability of the kindled seizure was 

not impacted; all kindled mice maintained a generalized seizure throughout 6 weeks of 2x/week 

treatment. Thus, while it was concerning to find such widespread pathology in all IP, but not PO, MC-

treated mice, the present study highlights that histologic lesions and attending inflammation in non-CNS 

tissues induced by repeated, low concentration MC do not impact the ability of CKM to reproduce 

behavioral facets consistent with clinical epilepsy. Systemic administration of the pro-inflammatory agent, 

lipopolysaccharide, can accelerate kindling acquisition in juvenile rats (Auvin, Mazarati et al. 2010, Auvin, 

Shin et al. 2010). Systemic accumulation of FCs and attending inflammation could have thus exacerbated 

the kindled seizure phenotype long-term. One important finding of our present study is thus that induction 

of peripheral histologic inflammatory lesions after the acquisition of the fully kindled state, e.g. 

development of epilepsy, does not exacerbate kindled seizures or modify the model phenotype in any 

notable regard. The present study thus further supports this hypothesis that enhanced central, but not 

peripheral, inflammation during, but not after, the epileptogenesis process may likely more meaningfully 

contribute to epileptogenesis.  

 Herein, we report the importance of assessing effects of diluents themselves on behavioral and 

pathological processes in preclinical models of disease. Whether repeated administration of other 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 2, 2019 as DOI: 10.1124/jpet.119.257261

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 257261  

 

   
 

20 

commonly used formulation vehicles is similarly associated such widespread pathology remains to be 

rigorously defined but is of clear preclinical value as more and more emphasis is placed on rigor and 

reproducibility in science (Landis, Amara et al. 2012). For instance, if a promising investigational agent, 

regardless of clinical indication, was formulated in MC and run alongside MC vehicle-treated in a 

preclinical model of disease, the behavioral and chemical signals of adverse effects due to IP-

administered MC vehicle itself would be distinctly absent. Subsequent toxicological assessment could, 

however, reveal histopathology that would be falsely attributed to the investigational agent, rather than 

MC, causing the agent to be potentially inappropriately withdrawn from further development. This 

repeated, low-dose MC administration protocol is commonly used for preclinical discovery of ASDs and 

other therapies; our present study should not negate the prior demonstration of efficacy of investigational 

agents formulated in MC on behavioral endpoints of these models. Instead, our study emphasizes that 

comprehensive understanding of the biological impact of the investigational therapy and the formulation 

diluent should be considered when interpreting preclinical findings. 
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Legends for Figures.  

Figure 1. Repeated administration of MC by the PO and IP route does not overtly impact body weight 

gain or long-term stability of the fully kindled seizure after acquisition of the fully kindled state. A) Over 

72% of mice that enrolled in the corneal kindling protocol achieved the fully kindled state within 3-4 weeks. 

Sham kindled mice did not present with a behavioral seizure during any of the stimulation sessions. N = 

47 CKM and Sham N = 35. B) The long-term stability of the fully kindled seizure was not adversely 

impacted by repeated IP MC or SAL administration during the 6-week testing period. C) Animals were 

randomized to treatment group after acquisition of the fully kindled state, as defined by 5 consecutive 

Racine stage 5 seizures. Repeated administration of MC or SAL by the IP or PO route to sham- nor 

corneal-kindled mice were not associated with any overt impacts on C) percent change or D) raw change 

in body weight gain during the 6-week treatment period. CKM IP MC: n = 14; IP SAL: n = 12 or CKM PO 

MC: n = 5; PO SAL: n = 3. Sham kindled IP MC: n = 13; IP SAL: n = 12; PO MC n = 5; PO SAL n = 5.  

 

Figure 2. A) Clinical assessments were performed by a board-certified laboratory animal veterinarian at 

four time-points during the MC/SAL treatment period. Exam 1 occurred one week after kindling 

acquisition, prior to MC/SAL administration. Exam 2 occurred after 1 week of MC/SAL administration. 

Exam 3 occurred after 2.5 weeks of MC/SAL administration. Exam 4 occurred after 6 weeks of MC/SAL 

administration. Clinical scores range from 0-11 and were based on assessment of mouse appearance, 

posture, behavior, and body condition by a veterinarian blinded to treatment group and kindling status 

(mean ± SEM). B) A cohort of female C57Bl6 mice (n = 10) were infected with influenza virus and 

assessed for clinical score on the same day as Exam #2 of the sham PO Sal-treated mice. Acute 

infection of mice with influenza virus results in significantly greater clinical score than sham-kindled CF-

1 mice administered saline by the oral route (t = 25.0, p < 0.0001). **** indicates significantly greater 

than Sham – PO Sal, p<0.0001.  
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Figure 3. Repeated administration of MC or SAL by the IP route to sham- and corneal kindled mice 

does not adversely affect exploratory behavior in an OF (mean ± SEM). OF behavior was assessed by 

an automated program to quantify A) total distance traveled, B) percent of distance traveled in the 

center of an OF, C) % of vertical rearing activity in the OF center, D) % of total rest time in the center of 

the OF.  

  

Figure 4. Representative sections from kidney (A-B), liver (C-D), and carotid artery (E-F). A, C, E Normal 

tissues from an IP SAL- treated mouse. A. Note that male mice have cuboidal parietal epithelium lining 

the glomerular capsule (asterisk). B, D, F Tissues from an IP MC- treated mouse; insets high 

magnification examples of FCs. B. Glomerulus containing large foamy cells (arrow) and is enlarged with 

proliferative glomerulonephropathy. D. Liver foci of FCs with surrounding mononuclear inflammatory 

cells. Inset: High magnification of FCs without attending inflammation. F. Carotid artery with abundant 

subintimal accumulations of FCs (arrow); lumen indicated (asterisk). A-D original magnification 200X; E 

and F original magnification 100X; insets original magnification 400X. 

 

Figure 5. FCs are present in multiple organs and may be associated with inflammation and tissue 

damage. A. Carotid artery. Note abundant intimal and subintimal accumulation of FCs with FCs present 

within the lumen (asterisk). Original magnification 400X. B. Choroid plexus contains moderate 

perivascular accumulations of FCs (arrow). Original magnification 100X. C. Liver with coalescing 

microgranulomas. Original magnification 200X. D. Liver Mason’s trichrome stain for fibrosis (blue stain) 

there is a small amount of increased connective tissue (blue) adjacent to foci of FCs. Original 

magnification 400X. E. Mesentery. Mixed inflammatory foci adjacent to accumulations of FCs (arrow). 

Original magnification 400X. F. Glomerulonephritis (*) and FCs within affected glomeruli (arrow). 

Original magnification 400X. Inset Periodic acid Schiff stained glomerulus with intracapillary FCs. The 

cells are PAS negative. Original magnification 400X.  
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Figure 6.  Administration of MC results in FC accumulation when administered by the IP but not the PO 

route, regardless of kindling status. Liver, lung, kidney, spleen, mesentery, arteries, and choroid were 

assessed histologically by a veterinary pathologist masked to experimental treatment. A total disease 

score, ranging from 0-56, was developed to capture the presence and extent of FCs in the tissues as 

well as the presence or absence of degeneration and or necrosis associated with the FC aggregates 

(mean ± SEM).  
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Tables. 

Score 0 1 2 3 

Appearance Normal Lack of grooming 

Sunken eyes 

Mild blepharitis / 

blepharospasm 

Mild hunched posture 

Ocular discharge  

Corneal Ulceration 

Marked blepharitis / 

blepharospasm 

Prolonged hunched 

posture 

Abdominal distention 

Head tilt 

Hunched 

unmoving 

posture 

Labored 

breathing 

Clinical Signs None Elevated or 

decreased respiratory 

and / or effort 

Clinical dehydration, 

Marked pallor 

 

 

Behavior Normal  Decreased interaction    

with cagemates 

Slow to move about 

cage 

Decreased interest in 

environment 

 

Isolated from cagemates 

Slow to move when 

stimulated 

Impaired mobility 

Ataxia 

Hypo or Hyperesthetic 

when handled 

Immobile 

Weakly or not 

responsive to 

handling 

Convulsing 

 

Body Condition BCS ≥ 3 BCS 2-3 BCS 1-2 BCS ≤ 1 

Table 1. Clinical Assessment Parameters and Scoring 
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FC Cell Score Description 

0 No FC cells present 

1 Scattered individual FC cells present within the tissue (1-5 cells) 

2 Clusters of FC cells present, no inflammation 

3 Clusters of FC cells present with inflammation; or coalescing clusters of FC 

cells without inflammation 

4 Coalescing clusters of FC cells with inflammation 

  

Tissue Damage 

Multiplier 

Description 

1 No tissue damage present 

2 Presence of degeneration or necrosis  

Table 2. FC Cell Scoring System 
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  CKM- 

IP MC 

(n = 6) 

CKM – 

IP SAL 

(n = 5) 

Sham – 

IP MC 

(n = 5) 

Sham 

– IP 

SAL (n 

= 4) 

CKM – 

PO 

MC (n 

= 3) 

Sham 

– PO 

MC (n 

= 5) 

Sham – 

PO SAL 

(n = 5) 

Test Units Mean ± 

SD 

Mean ± 

SD 

Mean ± 

SD 

Mean ± 

SD 

Mean 

± SD 

Mean 

± SD 

Mean ± 

SD 

White Blood Cells K/uL 7.7 ± 

1.4 

7.6 ± 2.9 7.8 ± 

1.4 

6.8 ± 

2.6 

4.7 ± 

1.7 

4.7 ± 

0.9  

5.0 ± 1.4 

Red Blood Cells M/uL 9.1 ± 

0.6 

9.0 ± 0.4 8.6 ± 

0.4 

8.9 ± 

1.2 

9.4 ± 

0.5 

8.7 ± 

1.5 

8.6 ± 1.6 

Hemoglobin g/dL 13.8 ± 

0.8 

12.7 ± 

3.4 

13.1 ± 

0.7 

13.7 ± 

2.0 

15.5 

±0.7 

14.6 ± 

2.8 

14.3 ± 

2.5 

Hematocrit  % 56.0 ± 

4.5 

55.0 ± 

3.1 

52.0 ± 

2.8 

54.3 ± 

7.1 

60.1 ± 

4.1 

52.6 ± 

8.8 

53.7 ± 

10.1 

Mean 

Corpuscular 

Volume  

fL 61.6 ± 

2.0 

60.8 ± 

2.4 

60.4 ± 

2.3 

60.8 ± 

1.0 

64.1 ± 

2.6 

60.6 ± 

1.9 

62.7 ± 

2.1 

Mean 

Corpuscular 

Hemoglobin 

pg 15.2 ± 

0.4a,b,c 

15.5 ± 

0.5d,e,f 

15.3 ± 

0.5g,h,i 

15.3 ± 

0.4j,k,l 

16.5 ± 

0.3c,f,i,l 

16.5 ± 

0.4a,d,g,j 

16.7 ± 

0.3b,e,h,k 

Mean 

Corpuscular 

Hemoglobin 

Concentration 

% 24.8 ± 

1.1a,b 

25.5 ± 

0.7d 

25.2 ± 

0.8g 

25.2 ± 

0.5k 

25.8 ± 

0.8 

27.3 ± 

0.4a,d,g,k 

26.7 ± 

0.7b 
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Neutrophils % 33.3 ± 

7.1a,b,c 

40.8 ± 

6.7d,e,f 

29.2 ± 

3.8g,h,i 

27.8 ± 

14.4j,k 

12.3 ± 

4.0c,f,i 

10.0 ± 

1.6a,d,g,j 

10.8 ± 

1.3b,e,h,k 

 #/uL 2597.5 

± 

801.3a,b,c 

3095.6 ± 

1281.3d,e,f 

2270.2 

± 

521.9g,h 

1858.5 

± 

1056.3 

540.3 

± 

174.0c,f 

462.4 

± 

96.5a,d,g 

533.8 

±145.6b,e,h 

Lymphocytes % 59.7 ± 

9.2a,b,c 

55.0 ± 

9.1d,e,f 

62.0 ± 

8.5g,h,i 

67.5 ± 

18.6 j,k 

85.3 ± 

4.0c,f,i 

87.2 ± 

0.8a,d,g,j 

87.2 ± 

2.4b,e,h,k 

 #/uL 4595.8 

± 974.3 

4164.8 ± 

1708.8 

4816.2 

± 

1038.9 

4556.3 

± 

2305.3 

4004.0 

± 

1534.6 

4065.0 

± 

807.1 

4312.2 ± 

1182.3 

Monocytes % 6.8 ± 

3.1 

3.6 ± 2.7 8.8 ± 

5.0g,h 

4.0 ± 

4.2 

2.0 ± 

1.7 

1.2 ± 

0.8g 

1.6 ± 1.9h 

 #/uL 526.3 ± 

224.7a 

248.4 ± 

155.4 

693.6 ± 

452.6g,h,i 

294.8 ± 

299.7 

103.7 

± 

108.6i 

55.0 ± 

43.5a,g 

91.2 ± 

116.5h 

Eosinophils % 0.2 ± 

0.4a 

0.4 ± 0.5 0.0 ± 

0.0g 

0.8 ± 

1.0 

0.3 ± 

0.6 

1.6 ± 

0.9a,g 

0.4 ± 0.5 

 #/uL 13.7 ± 

33.5 

31.2 ± 

45.5 

0.0 ± 

0.0 

40.5 ± 

48.3 

18.7 ± 

32.3 

77.6 ± 

54.1 

22.8 ± 

31.6 

Basophils % 0.0 ± 

0.0 

0.0 ± 0.0 0.0 ± 

0.0 

0.0 ± 

0.0 

0.0 ± 

0.0 

0.0 ± 

0.0 

0.0 ± 0.0 

 #/uL 0.0 ± 

0.0 

0.0 ± 0.0 0.0 ± 

0.0 

0.0 ± 

0.0 

0.0 ± 

0.0 

0.0 ± 

0.0 

0.0 ± 0.0 
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Platelets K/uL 921.3 ± 

411.0 

652.4 ± 

430.2 

1067.6 

± 389.0 

813.5 ± 

398.9 

1063.7 

± 

382.8 

534.2 

± 

407.6 

485.6 ± 

374.3 

Table 3. Complete Blood Count and White Blood Cell Differential. Analytes were assessed across 

treatment groups by one-way ANOVA followed by Tukey’s post-hoc analysis. Significant differences in 

pairwise comparisons amongst groups for individual analytes are demonstrated using superscript 

letters: a CKM – MC IP vs. Sham - MC PO; b CKM – MC IP vs. Sham – SAL PO; c CKM – MC IP vs 

CKM – MC PO; d CKM – SAL IP vs Sham – MC PO; e CKM – SAL IP vs. Sham – SAL PO; f CKM – 

SAL IP vs. CKM – MC PO; g Sham – MC IP vs. Sham – MC PO; h Sham – MC IP vs. Sham – SAL PO; i 

Sham – MC IP vs. CKM – MC PO; j Sham – SAL IP vs. Sham – MC PO; k Sham – SAL IP vs. Sham – 

SAL PO; l Sham – SAL IP vs. CKM – MC PO 
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  CKM- 

IP MC 

(n = 6) 

CKM – 

IP SAL 

(n = 5) 

Sham – 

IP MC 

(n = 5) 

Sham – 

IP SAL 

(n = 4) 

CKM – 

PO MC 

(n = 3) 

Sham – 

PO MC 

(n = 5) 

Sham – 

PO SAL 

(n = 5) 

Test Units Mean ± 

SD 

Mean ± 

SD 

Mean ± 

SD 

Mean ± 

SD 

Mean ± 

SD 

Mean ± 

SD 

Mean ± 

SD 

Glucose mg/dL 274.5 ± 

44.5 

282.0 

±49.6 

319.2 ± 

108.2 

268.0 ± 

53.5 

281.0 ± 

48.7 

357.0 ± 

77.7 

269.6 ± 

55.5 

Blood Urea 

Nitrogen 

mg/dL 25.2 ± 

1.8a 

21.6 ± 

3.3 

26.0 ± 

3.5d 

22.5 ± 

3.3 

22.7 ± 

3.8 

19.4 ± 

2.1a,d 

22.2 ± 

2.6 

Calcium mg/dL 10.8 ± 

0.9 

10.9 ± 

0.6 

11.4 ± 

0.5 

10.7 ± 

0.3 

10.3 ± 

0.4 

11.3 ± 

0.7 

10.4 ± 

0.4 

Phosphate mg/dL 14.7 ± 

1.9 

14.3 ± 

1.4 

13.9 ± 

1.1 

14.2 ± 

0.3 

12.8 ± 

2.2 

14.6 ± 

1.8 

13.3 ± 

0.7 

Total Protein g/dL 6.1 ± 

0.5 

6.1 ± 

0.5 

5.8 ± 

0.4 

5.9 ± 

0.3 

5.7 ± 

0.2 

5.8 ± 

0.2 

5.5 ± 

0.3 

Albumin g/dL 3.5 ± 

0.2 

3.5 ± 

0.2 

3.2 ± 

0.2 

3.3 ± 

0.1 

3.5 ± 

0.3 

3.5 ± 

0.2 

3.5 ± 

0.2 

Globulin g/dL 2.6 ± 

0.3b 

2.6 ± 

0.3 

2.6 ± 

0.2e 

2.6 ± 

0.3f 

2.2 ± 

0.1 

2.3 ± 

0.1 

2.0 ± 

0.2b,e,f 

Total Bilirubin mg/dL 0.2 ± 

0.1 

0.2 ± 

0.1 

0.1 ± 

0.0 

0.2 ± 

0.1 

0.2 ± 

0.1 

0.2 ± 

0.1 

0.1 ± 

0.1 

Alkaline 

Phosphatase 

U/L 125.5 ± 

43.3 

178.4 ± 

57.9c 

83.6 ± 

26.4c,d 

157.0 ± 

41.0 

132.0 ± 

25.2 

189.8 ± 

65.4d 

152.6 ± 

24.5 

Alanine 

Aminotransferase 

U/L 54.7 ± 

25.8 

55.6 ± 

24.4 

43.8 ± 

10.1 

40.8 ± 

11.8 

46.0 ± 

12.8 

37.6 ± 

13.1 

37.0 ± 

7.3 
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Aspartate 

Aminotransferase 

U/L 251.2 ± 

335.9 

100.4 ± 

36.7 

62.6 ± 

19.8 

85.0 ± 

31.8 

70.0 ± 

14.0 

70.2 ± 

40.4 

89.4 ± 

66.2 

Cholesterol mg/dL 142.2 ± 

40.8 

148.0 ± 

26.1 

142.0 ± 

18.5 

149.0 ± 

17.4 

133.3 ± 

16.0 

165.8 ± 

18.5 

138.2 ± 

27.3 

Table 4. Serum Biochemistry Analytes. Analytes were assessed across treatment groups by one-
way ANOVA followed by Tukey’s post hoc analysis. Significant differences in pairwise comparisons 
amongst groups for individual analytes are demonstrated using superscript letters: a CKM – MC IP vs. 
Sham - MC PO; b CKM – MC IP vs. Sham – SAL PO; c CKM – SAL IP vs. Sham – MC IP; d Sham – MC 
IP vs. Sham – MC PO; e Sham – MC IP vs. Sham – SAL PO; f CKM – MC PO vs. Sham – SAL PO 
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Figures.  

Figure 1 
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Figure 2.
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Figure 3. 
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Figure 4.  
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Figure 5.  
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Figure 6. 
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