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Abstract

Age-related deficits in motor and cognitive functioning may be driven by perturbations in calcium 

(Ca2+) homeostasis in nerve terminals, mechanisms that are also thought to mediate the 

neurotoxicity of methylmercury (MeHg). Calcium-channel blockers (CCBs) protect against MeHg 

toxicity in adult mice, but little is known about their efficacy in other age groups. Two age groups 

of BALB/c mice were exposed to 0 or 1.2 mg/kg/day MeHg and 0 or 20 mg/kg/day of the CCB 

nimodipine for approximately 8.5 months. Adults began exposure on postnatal day (PND) 72 and 

the retired breeders on PND 296. High-rate operant behavior was maintained under a percentile 

schedule, which helped to decouple response rate from reinforcer rate. Responding was analyzed 

using a log-survivor bout analysis approach that partitioned behavior into high-rate bouts separated 

by pauses. MeHg-induced mortality did not depend on age but nimodipine neuroprotection was 

age-dependent, with poorer protection occurring in older mice. Within-bout response rate (a 

marker of sensorimotor function) was more sensitive to MeHg toxicity than bout-initiation rate (a 

marker of motivation). Within-bout rate declined almost 2 months prior to overt signs of toxicity 

for the MeHg-only retired breeders but not adults, suggesting greater delay to toxicity in younger 

animals. Motor-based decrements also appeared in relatively healthy adult MeHg + NIM animals. 

Aging appeared to alter the processes underlying Ca2+ homeostasis thereby diminishing protection 

by nimodipine, even in mice that have not reached senescence. The study of MeHg exposure 

presents an experimental model by which to study potential mechanisms of aging.

Correspondence concerning this article should be addressed to M. Christopher Newland, Department of Psychology, 226 Thach Hall, 
Auburn University, AL 36849. Contact: newlamc@auburn.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Behav Brain Res. Author manuscript; available in PMC 2017 September 15.

Published in final edited form as:
Behav Brain Res. 2016 September 15; 311: 147–159. doi:10.1016/j.bbr.2016.05.032.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

aging; methylmercury; nimodipine; calcium homeostasis; bout analysis; motor function

 1. Introduction

Methylmercury (MeHg) is a global pollutant and the primary concerns about its health 

effects are due to its neurotoxicity [1]. Prenatal exposures produce diffuse central nervous 

system (CNS) damage and cognitive dysfunction [2,3,4] whereas adult-onset exposures 

produce relatively focal damage that appears in the primary motor cortex, sensory regions of 

the cerebral cortex, cerebellar granule cells, and dorsal root ganglion and results in motor 

dysfunction [5,6,7]. Methylmercury-induced disruptions of intracellular signaling and cell 

death have been linked, at least in part, to dysregulation of Ca2+ homeostasis inside nerve 

terminals [8,9]. Similarly, neuronal degeneration during aging is thought to be mediated by 

changes in the level of intracellular Ca2+ [10,11,12]. Chronically elevated levels of 

intracellular Ca2+ in neurons and reduced ability to buffer Ca2+ levels during normal aging 

provoke subtle age-associated declines and mild impairment [12,13,14,15,16]. Chronic 

MeHg exposure, acting to disrupt Ca2+ homeostasis, may exacerbate age-related declines in 

motor or cognitive functioning and accelerate normal or neurodegenerative aging, as has 

been noted with MeHg [17].

The excess intracellular Ca2+ produced by MeHg and aging suggests that preventing 

increased Ca2+ influx into intracellular cytosol could be neuroprotective. Calcium channel 

blockers reduce intracellular Ca2+ by blocking Ca2+ channels located in neuronal cell 

membranes, cerebral and peripheral vasculature, and cardiac smooth muscle [18,19,20,21]. 

Nimodipine, a 1,4-dihyrdopyridine CCB, is an L-type Ca2+ blocker with excellent selectivity 

for the CNS [22], and is an ideal candidate to protect against Ca2+-mediated CNS insults 

like MeHg exposure. In vitro [23,24] and in vivo [24,25,26] studies support this notion. For 

example, Bailey et al. [25] and Hoffman & Newland [26] found that chronic nimodipine 

(2-20 mg/kg/day) afforded dose-dependent neuroprotection in adult BALB/c mice 

chronically exposed to 2.6 mg/kg/day MeHg. Nimodipine attenuated or blocked deficits in 

an incremental repeated acquisition (IRA) procedure [25], wheel-running and rotarod 

performance, and mortality [26]. CCBs, including nimodipine, also attenuate or block 

selective signs of normal aging [27,28,29,30,31] and other CNS insults [32,33,34,35,36,37; 

c.f. 38).

It is difficult to separate motor from motivational components of behavior in models of 

neurotoxicant-induced motor deficits because the behavior is closely coupled to the 

motivation to engage in it [39]. Procedures that produce high-rate responding, such as fixed-

ratio, variable-ratio, and differential reinforcement of high rate schedules (DRH) inherently 

link reinforcement rate to response rate. Thus, impairment may produce a positive feedback 

loop wherein response rate decrements drive reductions in reinforcer rate which could, in 

turn, further reduce response rate, confounding motor deficits with the consequences of 

reinforcer loss. In the current study we separated motor and motivational influences first by 

manipulating the contingency linking responding to the delivery of reinforcers and second 
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by using an analytical approach capable of differentially estimating the contribution of 

motoric and motivational components of behavior may be advantageous.

We used both percentile (PCNT) and differential reinforcement of high rate (DRH) 

schedules to maintain high-rate nose-poking. The PCNT schedule is particularly appealing 

because it titrates the response criterion in real-time according to the subject’s recent 

performance [40,41]. As response rate declines, a PCNT schedule relaxes the response 

criterion, making it easier to obtain reinforcers. This allows behavior to contact 

reinforcement even in the face of impairment, disentangling the effect of reinforcer loss on 

response rate with MeHg- or aging-induced decreases in responding. In contrast, response 

rate decrements under the DRH schedule generally lead to a direct decrease in reinforcer 

delivery. To separate further reinforcer rate from motor deficits, criterion responses were 

reinforced under a random interval 30s (RI 30s) schedule of reinforcement, which randomly 

reinforced criterion response patterns at an average rate of two reinforcers per min.

The analytical approach to separating influences over behavior was based on the observation 

that high-rate behavior typically occurs as bouts of response bursts separated by intervals 

during which the animal is disengaged from the target behavior, is to use a dynamic analysis 

that breaks a response epoch second-by-second into bouts. [42-47]. The key response unit on 

which this analysis is based is the interresponse time (IRT). A bout comprises a run of short 

IRTs while the initiation of a new bout typically terminates a long IRT. We used a log-

survivor analysis, described in detail by Shull and colleagues [42-44], to partition these IRTs 

into two distinct distributions. The short IRTs produced by response bursts, or within-bout 

responses, serve as an index of motor function. In contrast, the long IRTs that represent 

inter-bout intervals, the inverse of which is bout-initiation rate, serve as an index of the 

motivation to engage in the target behavior. These interpretations are supported empirically 

by studies that show that changes in motivating operations like food deprivation selectively 

affect bout-initiation rate [41,47] whereas manipulations that makes responding more 

difficult [45] or compounds like MeHg [26] and pentobarbital [46] with known motoric 

effects preferentially affect within-bout rate. This analysis assumes that responding can be 

described as three orthogonal components, within-bout rate, bout-initiation rate, and bout 

length [42-44], which is supported by Hoffman & Newland’s [26] reconstruction of overall 

response rate in control and MeHg-exposed mice by a linear combination of these three 

terms derived from a change-point analysis.

The present study used a log-survivor bout analysis approach to disentangle motoric from 

motivational deficits in high-rate nose-poking induced by chronic MeHg exposure and 

neuroprotection by nimodipine in two age cohorts of male BALB/c mice.

 2. Material and methods

 2.1 Subjects

Adult and retired breeder male BALB/c mice (N=112) were purchased from Harlan 

Laboratories (Indianapolis, IN) and housed in an Optimice® rack system in an AAALAC-

accredited temperature- and humidity-controlled vivarium that was maintained on a 12-hour 

light-dark cycle (lights on at 6:00am). Two age cohorts, two MeHg water concentrations, 
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and two nimodipine diets produced a 2 (age) × 2 (MeHg) × 2 (nimodipine) full factorial 

design with 12-16 mice per exposure group by age.

 2.1.1 Adults—The adult cohort (n=51) arrived at 49 days of age. Upon arrival, mice 

were housed in pairs in clear polycarbonate cages, separated by a clear Plexiglas© divider 

that prevented physical contact, but allowed visual, olfactory, and auditory interaction. Due 

to the aggressiveness of adult male BALB/c mice [48], animals remained separated for the 

duration of the study. Their weight was maintained at approximately 24 g by feeding 

approximately 2.5 g standard rodent chow per animal per day, adjusted according to their 

body mass, with free access to water except during experimental sessions. After 4 months, 

adults transitioned to a final target weight of approximately 26 g by feeding approximately 

3.0 g rodent chow per day.

 2.1.2 Retired breeders—The retired breeder age cohort (n=63) arrived at 273 days of 

age and were housed in the same manner as the adults. Upon arrival, they weighed 26-30g, 

which was reduced and maintained at a final target weight of approximately 26 g by feeding 

approximately 3.0g standard rodent chow per animal per day with free access to water 

except during experimental sessions.

 2.2 Methylmercury and nimodipine exposure

Methyl mercuric chloride (CH3HgCl) was procured from Alfa-Aesar (Ward Hill, MA, USA) 

and dissolved into water to produce the water solutions. Nimodipine was procured from 

Sigma-Aldrich (St. Louis, MO) and mixed into standard rodent chow manufactured by 

Purina TestDiets and based on a 5LL2 laboratory chow diet. Based on measurements of 

water and food consumption and weight (data not shown), MeHg exposure corresponded to 

approximately 0 and 1.2 mg/kg/day of Hg and nimodipine exposure corresponded to 

approximately 0 and 20.0 mg/kg/day. Exposures began at 72 and 296 days of age for adults 

and retired breeders, respectively, and continued for 253 days until animals were 325 and 

549 days of age. Experimental procedures for both age groups began on the first day of 

exposure.

 2.3 Apparatus

Experiments were conducted in standard Med Associates Inc. modular operant conditioning 

chambers (St. Albans, VT, product #ENV-007). Each chamber measured 30.5 cm L × 24.1 

cm W × 29.2 cm H and contained two stainless steel front and back walls and two 

Plexiglas© side walls. Mounted on the front wall were two nose-poke holes (Left and 

Right), separated by a pellet dispenser. Above each nose-poke hole was a yellow LED. 

Interrupting an infrared beam in the nose-poke hole registered a response. The pellet 

dispenser delivered 20mg sucrose pellets. Chambers had two Sonalert™ tones (2900 and 

4500 Hz, nominally) calibrated to an amplitude of 70 dB for presentation of auditory 

stimuli. Located near the ceiling of the chamber on the back wall was a single 2.8-W house 

light. Sound-attenuating cabinets enclosed operant chambers with a fan to circulate air for 

ventilation.
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 2.4 Procedure

Experimental sessions were conducted in the operant chambers described above. With the 

exception of autoshaping, all sessions lasted 32.5 min and occurred 4 days per week. In 

addition to nose-poking, wheel-running and rotarod tests were conducted Fri – Sun; these 

data are described in a separate manuscript (see Shen et al., under review [48]).

 2.4.1 Autoshaping—Nose-poking at two spatially distinct locations (left and right) was 

autoshaped for both age cohorts. The autoshaping procedure has been described in detail 

previously [see 49 and 50] and was implemented without modification for both age groups. 

Autoshaping sessions ended when animals met a specific response criterion or after 4hr 

whichever occurred first.

 2.4.2 Percentile (PCNT)—The PCNT schedule of reinforcement used in this study was 

designed to generate high-rate operant behavior while adjusting the response criterion 

according to an animal’s ability to respond. Each left nose-poke terminated an IRT that then 

was compared with the 10 previous IRTs (i.e., a look-back window of 10 IRTs or 11 

responses). Responses that terminated IRTs shorter than 50% of the previous 10 met the 

high-rate criterion (10:0.5) and were paired with a 0.2 s tone. These criterion responses were 

reinforced under a random interval (RI) 30 s schedule; a schedule that produces reinforcers 

unpredictably but at relatively constant overall rate of approximately 2/min. Criterion nose-

pokes, including those followed by reinforcement, were paired with the same tone.

 2.4.3 Differential reinforcement of high rate (DRH)—Under the DRH schedule, 

bursts of responses to the right nose-poke hole were reinforced. Criterion bursts eligible for 

reinforcement consisted of a 9-response burst that started and ended within 4 s (9:4). 

Criterion bursts of responses were paired with a 0.2 s tone and reinforced under an RI 30 s 

schedule of reinforcement as described in section 2.4.2.

 2.4.4 Training—Initially, only the PCNT schedule was available for animals to respond 

under, which was counterbalanced across left and right nose-pokes. Sessions began with the 

illumination of the nose-poke hole and the corresponding LED light. Reinforcement initially 

followed criterion IRTs using a dense schedule that was slowly thinned as response rates 

increased (see Table 1). Each session consisted of six 5 min components during which the 

PCNT schedule was active. Between components, subjects experienced a blackout lasting 30 

s during which nose-poke holes and LED lights were not illuminated and there were no 

programmed consequences for nose-pokes.

The DRH schedule was added after response rates increased under the PCNT schedule to 

form a multiple schedule of reinforcement. Components within a single session alternated 

between PCNT and DRH schedules to produce six 5 min components (3x each schedule), 

each separated by a 30 s blackout. The first component of each session alternated between 

PCNT and DRH schedules across days. Similar to the PCNT, the initial RI schedule used 

during DRH components was shorter, producing a dense schedule of reinforcement. The 

DRH criteria for reinforcement were more rigid relative to the PCNT schedule, and thus the 
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response criterion slowly incremented to its full value. Table 1 shows the progression of the 

two schedules from training until final values.

 2.5 Humane endpoints

Mice were inspected daily and their body weight measured before every experimental 

session. Any mice that appeared ill or that displayed overt signs of MeHg toxicity (weight 

loss, limb clasping, severe motor dysfunction) were placed under 24hr observation in a 

heated cage with access to food and the attending veterinarian was consulted. Every effort 

was undertaken to keep mice alive, provided it did not prolong distress. Animals that met 

predefined criteria were euthanized according to procedures approved by the Auburn 

University Institutional Animal Care and Use Committee (IACUC).

 2.6 Brain mercury (Hg) concentration

Brains were taken when an animal was euthanized either due to MeHg neurotoxicity or at 

the end of the study. Cold-vapor atomic absorption was performed by the Michigan State 

University Diagnostic Center for Population and Animal Health (DCPAH) to determine 

whole-brain Hg concentration (total Hg). Brains from following exposure groups were 

analyzed: adult MeHg-only (n=12), retired breeder MeHg-only (n=12), adult MeHg + NIM 

(n=12), retired breeder MeHg + NIM (n=12), adult control (n=4), retired breeder control 

(n=4), and finally adult NIM-only (n=4) and retired breeder NIM-only (n=4).

 2.7 Data analysis

 2.7.1 Survival Analysis—Mantel-Cox survival analysis was used to determine 

differences in mortality between age and exposure groups. Multiple comparison tests were 

made by applying the Holm-Sidak correction (shown in parentheses).

 2.7.2 Bout Analysis—The microstructure of responding during PCNT and DRH 

schedules was assessed using log-survivor bout analysis. IRTs were collected separately for 

the PCNT and DRH schedules, aggregated within-session from three components for each 

schedule, and sorted from shortest to longest. Physical constraints prevented IRTs shorter 

than 0.02” but an unbiased log-survivor analysis requires a Y intercept at the shortest IRT so 

the entire distribution was shifted to the left by 0.02” by subtracting each IRT by that 

amount. The resulting IRT distributions were fitted to the bi-exponential model described in 

Eq. 1.

(1)

Based on the findings of Johnson et al. [46], Eq. 1 was log-transformed to provide a better fit 

of the data and is described by Eq. 2.

(2)
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Here, Y(t) represents the proportion of IRTs > t sec; p is the proportion of all IRTs that occur 

between bouts; (1 − p) is the proportion of all IRTs that occur within bouts. Using nonlinear 

least squares, estimates for the parameters bout-initiation rate (b), within-bout response rate 

(w), and bout length (1/p) were obtained for each individual subject after each session. The 

model requires at least 50 responses to produce reliable bout parameters estimates, and this 

occurred for all subjects after 18 sessions under the PCNT schedule and 25 sessions under 

the DRH schedule. Following training, differences in parameter estimates between schedules 

(PCNT and DRH) were minor and thus, for brevity, only data from the PCNT schedule are 

reported. Also, bout length was either as sensitive or less sensitive to MeHg exposure as 

bout-initiation rate, and always less sensitive than within-bout rate so, for brevity, it is not 

discussed.

 2.7.3 Event analysis—Response patterns changed with experience under the schedules 

but age-related differences between unexposed control mice remained for a majority of the 

study. To accommodate these differences, analyses of exposure-related effects were 

performed on a session-by-session basis. The performance of individual mice was compared 

with the performance of their age-matched unexposed control group. After each session, raw 

parameter estimates from individual subjects were standardized using the mean and SD of 

the age-matched control group from that session to produce Z-score units. The threshold for 

impairment was designated as a Z-score at or below -1.0 (i.e., at least one SD unit below the 

control mean for that day). We chose impairment as 1 SD below the mean because 

performance of healthy-aging adults that is 1.0-1.5 SD below the mean of adults on memory 

and learning tasks generally meets criteria for age-associated mild cognitive impairment 

[51,52,53,54] (for a review see Jekel et al., 2015 [55]). Impairment was defined as a Z-score 

of less than -1.0 and the latency to impairment was determined as the time at which a Z-

score dropped below -1.0 for at least 75% of the remaining sessions.

Latency to impairment was obtained for each animal on each dependent measure and 

submitted to Mantel-Cox analysis (Holm-Sidak correction). Animals that survived until the 

end of the study were censored. This is the same approach used for survival analyses but 

termed “event” analysis to avoid confusion. For individual animals, the latency to 

impairment for each dependent measure was also compared with latency to mortality, using 

a difference score, to identify which measures, if any, served as early and reliable predictors 

of MeHg toxicity and nimodipine neuroprotection. These data were analyzed using an 

analysis of variance (ANOVA).

Statistical analyses were conducted using RS/1 software (Brooks Automation, Chelmsford, 

MA), Systat v.13, and SigmaPlot for Windows v.12.5. Graphs were created using SigmaPlot 

for Windows v.12.5 and tables were created using Microsoft Excel v.14.

 3. Results

 3.1 Mortality

Animals were tracked for 262 days (nose-poking was tracked for 253 days). Figure 1 shows 

mortality for all exposure groups. The Mantel-Cox test found a statistically significant 
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difference among the eight curves [χ2 (7) = 89.45, p<0.01]; p-values from multiple 

comparison tests are shown in parentheses.

For adults, the MeHg-only group (p<0.01) but not MeHg + NIM (p=0.52) or NIM-only 

(p=0.85) groups differed from control. The adult MeHg-only group also differed from the 

MeHg + NIM group (p<0.01). For retired breeders, both the MeHg-only and the MeHg + 

NIM groups differed from control (p<0.01 and p=0.04, respectively), but they did not differ 

from each other (p=0.87). Comparing between ages, adult and retired breeder MeHg-only 

groups were not different (p=0.99), but MeHg + NIM groups were significantly different 

(p=0.03), with adults surviving longer than retired breeders. Median mortality in exposure 

days (25th and 75th percentiles in parentheses) could be determined for three groups: adult 

MeHg-only, 111 days (102-138); retired breeder MeHg-only, 107 days (90-143); retired 

breeder MeHg + NIM, 138 days (108-232)

 3.2 Age differences in behavior

Figure 2A-D shows session averages of within-bout rate (A), bout-initiation rate (B), 

response rate (C), and reinforcer rate (D) for unexposed control animals. Lines represent the 

best fit of a LOESS smoothing algorithm. There were large, systematic differences between 

control adult and retired-breeders from the outset that persisted throughout the study. Retired 

breeders had higher overall response rates than adults (C), a result of higher within-bout (A) 

and bout-initiation rates (B). Despite the wide range of response-rate differences across 

sessions, the RI 30” schedule of reinforcement in both the PCNT and DRH (not shown, as 

explained in section 2.7.2) components produced a relatively constant reinforcer rate across 

sessions (D), although it was slightly lower for adults early in training. A decline in overall 

response rates (C) in the retired breeders was associated with a decline in the rate at which 

bouts were initiated (B), not within-bout rate (A). To reveal specific influences of age on 

responding, Figure 3A-D shows these same dependent measures plotted as a function of 

chronological age, starting at 100 days of age for the adults and 324 days of age for the 

retired breeders. Interestingly, following acquisition, the curve for the retired breeders seems 

to be a nearly seamless extension of the curve for the adults for overall response rate (C) and 

within-bout rate (A) and nearly so for the bout-initiation rate (B).

 3.3 Methylmercury toxicity and nimodipine neuroprotection

Figure 4 shows within-bout rates for adults and exemplifies the event analysis. Each line 

within a plot corresponds to an individual subject. The left column presents raw parameter 

estimates of within-bout rate for control, NIM-only, MeHg-only, and MeHg + NIM exposure 

groups (from top to bottom). The right column shows these rates normalized as Z-score units 

calculated from the mean and standard deviation of the control group. This approach allows 

each exposure group to be compared with age- and experience-matched control mice. 

Vertical lines along the abscissa represent the time at which an animal met criteria for 

impairment. These latencies to impairment were analyzed using a Mantel-Cox analysis, 

which are shown in Fig. 5 and 6.

Figure 5 show the results of the event analyses for bout-initiation and within-bout rates and 

Fig. 6 shows the results for overall response- and reinforcer rates. The median latency to 
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impairment is marked on the abscissa for key exposure groups and the difference between 

latencies between MeHg and MeHg + NIM groups, in days, is also shown on the graphs. 

Note that median latencies could not be calculated for adult bout-initiation rate (Fig. 5) and 

response rate (Fig. 6) for adult MeHg-only and MeHg + NIM groups since so few subjects 

showed deficits on these measures. Multiple comparisons tests revealed a number of 

significant differences among exposure groups, catalogued in detail in Table 2. While every 

dependent measure was eventually affected by MeHg, the time-course of disruption was not 

the same for each measure. For brevity and clarity the specific statistics are omitted in the 

narrative below but all effects described are associated with an omnibus p-value of less than 

0.01.

First, control and NIM-only groups did not differ in either age group. Second, for adults, 

MeHg-only mice differed from both control and NIM-only groups on all dependent 

measures but MeHg + NIM did not differ from control or NIM-only groups on any measure 

and MeHg-only and MeHg + NIM groups differed on all dependent measures. That is, for 

the adults the MeHg + NIM mice resembled controls, not MeHg-exposed mice.

Third, for retired breeders, MeHg-only and MeHg + NIM mice differed from both control 

and NIM-only groups on all dependent measures with the exception that control and MeHg 

+ NIM mice did not differ on response rate. Fourth, MeHg-only and MeHg + NIM did not 

differ on any measure. That is, for the retired breeders, MeHg + NIM mice largely 

resembled MeHg-exposed mice and differed from controls. Finally, between ages, MeHg-

only groups did not differ on any measure except within-bout rate and the MeHg + NIM 

groups differed on all dependent measures.

 3.4 Predicting impairment

The measure with the shortest latency to impairment, i.e., the most sensitive to MeHg, was 

within-bout rate for all exposure groups (Fig. 5, 6). For adult and retired breeder MeHg-only 

groups, the median latency to impairment was 102 and 49 days, respectively, and for adult 

and retired breeder MeHg + NIM groups, the median latency to impairment was 209 and 90 

days, respectively. To test the hypothesis that within-bout rate is the earliest reliable 

predictor of MeHg-induced behavior impairment, we compared latency to impairment and 

latency to mortality for all animals that died; a long latency is associated with an early 

marker of impairment. This generated a quantitative measure of prediction for each 

dependent measure. Figure 7 shows the latency from impairment to death for adult and 

retired breeder MeHg-only groups and the retired breeder MeHg + NIM for bout-initiation 

rate, reinforcer rate, response rate, and within-bout rate. Adult MeHg + NIM animals were 

omitted because so few died (see Fig. 1). A mixed ANOVA revealed a Dependent Measure 
X Group interaction [F(6,108) = 6.35, p<0.01]. Post-hoc tests revealed that for within-bout 

rate and response rate, the latency from impairment to death was shorter for the adult MeHg-

only group than the retired breeder MeHg-only (p<0.01) and MeHg + NIM groups (p<0.01).

 3.5 Brain Hg concentrations

Control and NIM-only samples had undetectable brain Hg concentrations (< 0.1 ppm). Adult 

MeHg-only animals had average brain concentrations of 24.5 ± 1.39 ppm (± SEM) when 
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they were euthanized due to MeHg toxicity. Adult MeHg + NIM animals had average brain 

Hg concentrations of 17.3 ± 1.27 ppm; most of these were taken at the end of the study and 

the mice showed few or no overt signs of toxicity. Retired breeder MeHg and MeHg + NIM 

animals had average brain Hg concentrations of 22.2 ± 0.67 and 20.0 ± 1.7 ppm, 

respectively, when they were euthanized due to MeHg toxicity. Because brain Hg 

concentrations for the MeHg + NIM adults were obtained at the end of the study, these Hg 

levels were not compared to those taken earlier in the study when animals were euthanized 

due to MeHg toxicity. Two-tailed t-tests revealed no significant difference in brain Hg levels 

between MeHg-only adult and retired breeders [t(22)=1.432, p=0.17] or between MeHg-

only and MeHg + NIM retired breeders [t(22)=1.205, p<0.24].

 4. Discussion

The present study was designed to characterize the role of age in determining sensitivity to 

the neurotoxic effects of chronic MeHg exposure and protection by nimodipine. The effects 

of low- and high exposure levels are qualitatively similar but quantitatively different [56]. 

Higher exposure levels produce short latencies to the onset of neurotoxicity and greater 

spread between relatively sensitive and insensitive endpoints. The exposure regimen used 

here, which was relatively high, could model lower exposure levels but more rapidly. With 

low exposure levels the delay to toxicity is longer, but the signs of exposure are the same 

[56]. The current study found that: 1) chronic adult-onset exposure to 1.2 mg/kg/day MeHg 

produced age-independent mortality in male BALB/c mice, 2) the latency to MeHg-induced 

motor deficits was age-dependent with earlier impairment occurring in older animals 3) 20 

mg/kg of nimodipine afforded age-dependent neuroprotection from MeHg insult with 

greater protection in younger animals, but the drug had no effect when administered alone, 

4) a log-survivor bout analysis divorced motor and motivational aspects of high-rate nose-

poking, and 5) decrements in within-bout rate, a putative measure of motor function, were 

most sensitive to MeHg and served as an early predictor of neurotoxicity.

 4.1 Age differences

Throughout the study the retired breeders responded more than adults, although this 

discrepancy dissipated as the study progressed. The adults may have been less engaged in 

nose-poking for sucrose, reflecting differences in motivation or reinforcer efficacy or 

engagement in behavior incompatible with nose-poking. In support of this notion, the higher 

response rate seen in the retired breeders (see Fig. 2 and 3) was driven entirely by a higher 

bout-initiation rate, which is especially sensitive to motivational manipulations such as 

satiation/deprivation and response cost [40,41]. Within-bout rate between the two age groups 

was indistinguishable Adults eventually reached the same response and bout-initiation rates 

as the retired breeders when they reached comparable ages, as revealed by Fig. 3, providing 

support for the idea that the motivational variables affect behavior in an age-dependent 

manner. Response rate declined as retired breeders aged and this was due to a decrease in 

bout-initiation rate while reinforcer rate and within-bout rate remained constant. This 

suggests that aged retired breeders paused longer between bouts and were less likely to 

initiate a high-rate response bout that was reinforced by sucrose (Figs. 2-3).
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 4.2 Chronic nimodipine

There were no detectable effects of nimodipine on mortality or high-rate nose-poking within 

adult and retired breeder groups, consistent with previous studies from our laboratory [25, 

26]. Nimodipine and similar L-type CCBs produce measureable vascular [28], 

electrophysiological [57], and neurochemical changes [58,59]. Evidence suggests 

nimodipine may facilitate select forms of learning [59,60,61,62,63] in healthy adult animals, 

although other studies with nimodipine contradict these results [64,65]. Nimodipine does 

reliably attenuate learning deficits associated with normal aging [27,29,30,36,66,67] and 

protects against CNS insult in experimental models of Parkinson’s disease [68,69,70,71]. 

Here, over the course of 8.5 months nimodipine did not affect any dependent measure in 

animals that aged from 2.5-10 months (adults) and 9.5-18 months (retired breeders).

 4.3 Motor dysfunction

Within-bout rate, a measure of motor function derived from the log-survivor bout analysis, 

was the most sensitive measure to MeHg exposure (Fig. 5-7; Table 2). Between age groups, 

deficits appeared 53 days earlier in retired breeders than adults in the MeHg-only group and 

119 days earlier in retired breeders than adults in the MeHg + NIM group. Within age, 

nimodipine significantly delayed MeHg’s effect on within-bout rate by 107 days for the 

adult MeHg + NIM mice compared to only 53 days for the retired breeders.

In general, these findings agree with previous studies [26,53,72,73,74,75] and support the 

notion that adult-onset MeHg produces primary and early degradation of motor function 

followed by secondary cognitive deficits. Importantly, the motivation to respond was not 

affected even when the ability to respond was impaired. In past studies, e.g., Bailey et al. 

[25], declines in performance-based measures were coupled with commensurate motor 

deficits, suggesting that impaired motor function influences the motivation to engage in 

active behavior. Recently, Hoffman & Newland [26], using a bout analysis approach to parse 

motor and motivational contributions to wheel-running, noted that MeHg diminished the 

speed of wheel-running, indicative of a diminished motor function, but it did not diminish 

the motivation to engage in wheel-running even as animals met criteria for euthanasia.

Our report (Fig. 5, 6, 7) supports the conclusions of Hoffman & Newland [26], as log-

survivor estimates of within-bout rate and bout-initiation rate of nose-poking were 

differentially sensitive to the effects of MeHg. Further support is derived from the 

observation that median latency to reduced reinforcer rate, a motivation-based measure that 

is not included in the log-survivor model, was at or near the median latency for bout-

initiation rate. Also, nimodipine delayed MeHg effects on nose-poking in a similar manner 

to Hoffman & Newland’s [26] finding that nimodipine delayed MeHg effects on wheel-

running and rotarod performance. Running is a natural act for which its reinforcement is 

inextricably embedded in the act itself, referred to as automatic reinforcement [76]. In 

contrast, nose-poking is a relatively contrived behavior and the reinforcement of nose-

poking is easily divorced from the act. Taken together, motor deficits do not appear to affect 

the influence of a reinforcer (intrinsic or extrinsic), or motivation. They also suggest that 

nimodipine’s protection does not depend on the function or topography of the motor act, 

which stands in contrast to some drug effects (see Johnson et al. [46]).
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This longitudinal study of chronic MeHg exposure provided direct evidence that MeHg-

induced behavior deficits are age-dependent. To illustrate this point, Figure 7 shows that, on 

average, latency from within-bout rate and response rate impairment to death was 43 and 33 

days longer, respectively, for retired breeders than adults. Together, these findings suggest an 

exaggerated delay to neurotoxicity in younger mice and supports the hypothesis that the 

delayed neurotoxicity of MeHg [77,78,79] is linked to the cumulative impact of cellular 

dysfunction that results from disruptions in Ca2+ homeostasis. Both Bailey et al. [25] and 

Hoffman & Newland [26] reported a complete block of MeHg’s effects by 20 mg/kg/day 

nimodipine after 160 days of exposure. The present study ran longer and showed that 

MeHg’s neurotoxicity eventually appeared. Thus, nimodipine delayed but did not prevent 

MeHg neurotoxicity even in the adult mice.

 4.4 Methylmercury-induced mortality and nimodipine neuroprotection

Methylmercury-induced mortality was age-independent whereas nimodipine neuroprotection 

was age-dependent, with greater protection afforded to adults than retired breeders (Fig. 1). 

The fact that MeHg-induced mortality was age-independent suggests that the mechanisms 

underlying MeHg’s disruption of behavior may differ from those related to its mortality. 

Nimodipine’s protection from MeHg-induced mortality supports the hypothesis that chronic 

MeHg toxicity is due, at least in part, to disruption of Ca2+ homeostasis. The observation 

that it was age-dependent provides support for the notion that age-induced perturbation of 

Ca2+ signaling mitigated nimodipine’s effects. Together with Hoffman & Newland [26], in 

which adult-onset chronic MeHg (2.6 mg/kg/day) induced mortality after a median of 

approximately 97 days, these results show that survival is dose-related.

There was no difference in brain Hg concentration among animals euthanized due to severe 

MeHg toxicity: adult MeHg-only and retired breeder MeHg-only and MeHg + NIM mice. 

For these three groups, these brain Hg levels represent a lethal concentration. In contrast, 

adult MeHg + NIM animals had, on average, brain Hg concentrations that were 7.15 ppm 

lower than adult MeHg-only animals, although no statistical test was performed because the 

conditions under which the brains were taken were different between the two groups. A 

similar result was reported by Bailey et al. [25], using adult male BALB/c mice chronically 

exposed to 2.6 mg/kg/day MeHg and 20 mg/kg/day nimodipine. In both studies, brain 

samples from adult MeHg + NIM animals were collected at the end of the study from 

relatively healthy mice and do not represent a lethal dose. In most cases, this meant that 

adult MeHg + NIM animals were exposed to MeHg longer than MeHg-only animals but 

acquired less Hg in their brains. Nonetheless, in both studies the MeHg + NIM mice had 

lower brain Hg concentrations.

Together, these findings suggest that nimodipine acts to reduce the bioavailability of MeHg, 

an effect that may be mediated by age. For example, CCBs could affect the uptake of MeHg 

in the gut, its elimination, its passage across the blood-brain barrier, or its retention in the 

brain. The mechanism(s) of action by which nimodipine lowers brain Hg is not clear at this 

time but it does indicate that nimodipine acts, at least in part, by altering the toxicokinetics 

of MeHg.
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 4.5 Mechanisms of aging and methylmercury neurotoxicity

MeHg neurotoxicity is thought elevate Ca2+ concentration in nerve terminals in two distinct 

temporal phases, the first phase a result of Ca2+ release from intracellular stores (i.e., 

mitochondria and smooth endoplasmic reticulum) and the second a result of an influx of 

extracellular Ca2+ via voltage-gated Ca2+ channels [80,81]. These distinct phases may, in 

part, contribute to the delayed neurotoxicity of MeHg. The more subtle Ca2+-related changes 

that occur during normal aging, which do not directly lead to cell death, likely include 

increased Ca2+ release from intracellular stores via inositol(1,4,5) triphosphate (IP3) 

receptors and ryanodine (Ry) receptors, increased Ca2+ influx through L-type Ca2+ 

channels, increased amplitude and duration of the Ca2+-dependent, K+-mediated 

afterhyperpolarization (i.e., a shift from shorter to longer afterhyperpolarizations during 

which actions potentials cannot be produced), reduced NMDA receptor-mediated Ca2+ 

influx, and reduced Ca2+ buffering capacity [16,82,83]. Thus, reduced protection by 

nimodipine in older animals may be due chronic MeHg exposure taxing an already 

perturbed Ca2+ system, which could accelerate signs of aging or neurodegeneration. This 

supposition is supported by our finding of motor impairment in relatively healthy MeHg + 

NIM adults after a lengthy exposure regimen (253 days). Theoretically, a higher dose of 

nimodipine would be needed to offset chronic MeHg exposure in aging animals and 

completely block deficits in younger animals.

 5. Conclusion

The findings reported here showed that MeHg produced significant behavior deficits and 

mortality in two age groups of mice and nimodipine attenuated these deficits in an age-

dependent manner. Log-survivor bout analysis of high-rate operant behavior, which parses 

responding into motoric and motivational components, identified components of the 

molecular structure of behavior differentially sensitive to chronic MeHg exposure and 

nimodipine neuroprotection. Chronic MeHg exposure produced relatively similar mortality 

between the two age groups. Relative to mortality, motor deficits were the earliest signs to 

appear and, even in the face of significant decreases in response speed, mice continued to 

initiate bouts of nose-poking, which suggests that MeHg did not diminish the motivation to 

respond. The younger adults experienced a longer delay to toxicity than older retired 

breeders. Nimodipine attenuated MeHg-induced mortality and behavior deficits, but 

protection was substantially diminished in older animals. One methodological contribution 

is the use of an event analysis to quantify behavior changes in a situation in which attrition 

diminishes sample size over the course of a study. The finding of age-dependent nimodipine 

neuroprotection provides evidence that MeHg exposure in aging animals may tax and 

already-perturbed Ca2+ signaling system.
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Highlights

• Young- and older adult mice were exposed chronically to MeHg and/or 

nimodipine

• MeHg-induced mortality was age-independent

• Nimodipine afforded greater protection against MeHg-induced mortality in 

younger mice

• MeHg affected the maximum rate of nose-poking but not the motivation to 

do so

• Older mice had a shorter latency to impairment

• Nimodipine delayed motor deficits by 100+ days in younger compared with 

older mice
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Figure 1. 
Survival analysis plots (e.g., mortality) are shown for adult (solid lines) and retired breeder 

(dashed lines) age cohorts. Each colored line represents a different exposure group; black = 

control, green = NIM-only, red = MeHg-only, and blue = MeHg + NIM. Asterisks denote 

groups that were significantly different from age-matched control and NIM-only groups 

(p<0.01).
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Figure 2. 
Mean within-bout rate (A), bout-initiation rate (B), response rate (C), and reinforcer rate (D) 

as a function of exposure day under the PCNT schedule. Open circles and filled triangles 

represent adult and retired breeder age cohorts, respectively. Lines represent the best fit of 

LOESS smoothing algorithm.
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Figure 3. 
Mean within-bout rate (A), bout-initiation rate (B), response rate (C), and reinforcer rate (D) 

as a function of chronological age under the PCNT schedule. Open circles and filled 

triangles represent adult and retired breeder age cohorts, respectively. Lines represent the 

best fit of LOESS smoothing algorithm.
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Figure 4. 
An example of the statistical methods used in the event analysis. The left column shows raw 

parameter estimates of within-bout rate as a function of exposure day for individual subjects 

(each line represents one subject) from the adult cohort (top to bottom: control, NIM-only, 

MeHg-only, and MeHg + NIM). On a session-by-session basis, individual animal 

performance was standardized using the mean and SD of the control group to produce Z-

scores. These Z-scores are shown in the right column for the same exposure groups with 

dashed lines demarcating ±1 SD. For standardized plots (right side), vertical lines on the 

abscissa represent the latency to impairment for an individual animal.
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Figure 5. 
Event analyses (survival analysis) for bout-initiation rate (top panel) and within-bout rate 

(bottom panel), separated by age (left and right). Shown near the abscissa of each Kaplan-

Meier plot are the median latencies to impairment for the MeHg-only and MeHg + NIM 

exposure groups, as well as the difference between the two groups. Exposure groups: black 

= control, green = NIM-only, red = MeHg-only, and blue = MeHg + NIM.

Shen et al. Page 24

Behav Brain Res. Author manuscript; available in PMC 2017 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Event analyses (survival analysis) for response rate (top panel) and reinforcer rate (bottom 

panel), separated by age (left and right). The format is the same as Fig. 5. Note that for 

response rate, too few adult MeHg + NIM animals reached impairment to determine median 

latency to impairment. Exposure groups: black = control, green = NIM-only, red = MeHg-

only, and blue = MeHg + NIM.
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Figure 7. 
The bar chart show the average latency (±SEM) from impairment to death for four measures. 

Note that the adult MeHg + NIM group is excluded because so few animals died from MeHg 

toxicity (see text for details). The latency from impairment to death was longest for within-

bout rate (*, all p’s<0.001). For within-bout rate and response rate, the average latency for 

adult MeHg-only animals was significantly shorter compared to retired breeder MeHg-only 

and MeHg + NIM animals (#, all p’s<0.001)
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Table 1
Multiple schedule training

Training progression for the PCNT and DRH components of the high-rate multiple schedule.

Percentile (PCNT) Differential reinforcement (DRH)

Look-back window RI value Response-burst requirement RI value Sessions

10 (50%) 5” N/A N/A 12

10 (50%) 10” N/A N/A 1

10 (50%) 20” N/A N/A 4

10 (50%) 20” 2 (1”) 5” 2

10 (50%) 30” 4 (2”) 5” 2

10 (50%) 30” 6 (3”) 5” 4

10 (50%) 30” 9 (4”) 5” 2

10 (50%) 30” 9 (4”) 10” 2

10 (50%) 30” 9 (4”) 20” 2

10 (50%) 30” 9 (4”) 30” Final values

The zigzag line represents when both schedules reached their final values.
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