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KRONFORST-COLLINS, M. A., P. L. MORIEARTY, M. RALPH, R. E. BECKER, B. SCHMIDT, L. T. THOMP-
SON AND J. F. DISTERHOFT. Metrifonate treatment enhances acquisition of eyeblink conditioning in aging rabbits.
PHARMACOL BIOCHEM BEHAV 56(1) 103–110, 1997.—The cholinergic system is known to show deterioration during
aging and Alzheimer’s disease. In response, a therapeutic approach to Alzheimer’s disease has been to attempt to compensate
for the decrease in central cholinergic function by potentiating the activity of the remaining intact cholinergic cells with
cholinesterase inhibitors. In this study treatment with the long-lasting cholinesterase inhibitor metrifonate enhanced acquisi-
tion of eyeblink conditioning in aging rabbits without producing interfering side effects. The effects of metrifonate on central
and peripheral cholinesterase activity were evaluated, as was the involvement of plasma atropine esterase activity on the
central and peripheral response to metrifonate. Results demonstrate that metrifonate can produce predictable, dose-dependent
ChE inhibition. Associative learning in the aging rabbit was improved by metrifonate-induced steady state ChE inhibition
within a range of 30–80%. Metrifonate was behaviorally effective in the absence of the severe side effects which typically
plague cholinesterase inhibitors, suggesting that metrifonate is a possible treatment for the cognitive deficits resulting from
normal aging and Alzheimer’s disease. Copyright  1997 Elsevier Science Inc.
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THE hippocampus has been demonstrated in both clinical and these compounds is limited, however, by their short durations
of action and tendencies to produce severe side effects (29,animal studies to be a primary site of pathology in disorders

of memory that accompany aging (20,44,55). The cholinergic 42, 59). Pharmacological studies in the rat have shown that
metrifonate, an organophosphorous ChE inhibitor, is longersystem in particular is vulnerable to disorders associated with

both aging and Alzheimer’s disease (AD) (3,12,13,27,45). It lasting and less toxic than physostigmine and tacrine even at
high doses (80 mg/kg) (28,29). ChE inhibition has been shownis hypothesized that by improving cholinergic function, the

characteristic loss of memory associated with aging and AD to last 4–5 times longer after administration of metrifonate
than after physostigmine, and the degree of ChE inhibitioncan be lessened (15,28,29). A recent therapeutic approach to

AD has been to attempt to compensate for the loss of func- has been shown to result in comparable increases in ACh
levels (28). Metrifonate is transformed nonenzymatically totional central cholinergic neurons by potentiating the activity

of the remaining cholinergic neurons with cholinesterase in- dichlorvos (phosphoric acid 2,2-dichloroethenyl dimethyl es-
ter) which produces long lasting inhibition of both acetylcho-hibitors (14).

Several different cholinesterase (ChE) inhibitors have been linesterase (AChE) and butyrylcholinesterase (BuChE). Clin-
ical studies in humans have demonstrated that it is possibleevaluated in the treatment of AD. Two of the most widely

used are physostigmine and tacrine (14,32,34). Treatment with to use metrifonate to obtain over 80% ChE inhibition in
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plasma and red blood cells (RBCs) without producing interfer- lowed by two days of no treatment, throughout the course of
training for a maximum of six weeks. The drug or vehicle wasing side effects (4,5). Clinical testing of several ChE inhibitors

in AD suggest that long lasting peripheral ChE inhibition in administered orally through a syringe approximately 15 min
prior to the start of training. On every fifth day of treatmentthe range of 28 - 58% is associated with therapeutic benefits.

Clinical benefits appear to decline, however, at higher and blood samples were taken under Innovar-Vet anesthesia
(0.125 ml/kg) 2 hrs after drug administration. Each bloodlower ends of the range with a maximum benefit occurring at

approximately 43% ChE inhibition (6,24). sample was collected in two 1.5 ml aliquot tubes and mixed
with 50 ml of heparin in each. Samples were centrifuged atA widely used model for the study of associative learning

in mammals is the classically conditioned eyeblink response 1000, 48C for 15 min. The plasma and RBCs were then sepa-
rated into 500 ml alliquots and stored at 2808C for later ChEtask (16,25,53). Its advantages include: well-defined behavioral

responses for both humans and rabbits (19), significant condi- inhibition assays.
During training in the eyeblink conditioning task subjectstioning deficits in both humans and rabbits as a result of

age (18,38,44,45,52,60), and an emerging understanding of the were secured in cloth bags and placed in Plexiglas restraining
boxes. The training chamber was a single-walled, sound atten-neural circuitry involved in this conditioning task (17,61). Dur-

ing eyeblink conditioning a tone conditioned stimulus (CS) is uated IAC acoustical chamber. Conditioning airpuffs were
given to the right eye, and the right eyelid was held openpresented, followed by an airpuff unconditioned stimulus

(US). Initially, the subject performs only unconditioned re- with stainless steel dress hooks, which permitted detection
of nictitating membrane (NM) extensions with non-invasivesponses (URs) by blinking in response to the airpuff. After a

sufficient number of pairings the subject learns to blink in photoelectric detectors (51; see Fig. 1). Subjects were habitu-
ated to the behavioral apparatus for 1 h at least 24 h beforeresponse to the tone, generating a conditioned response (CR).

Conditioning in this task has been shown to be dependent on the start of training.
Subjects were trained in the trace eyeblink conditioningan intact hippocampus in the rabbit when a 500 msec stimulus-

free interstimulus interval is employed (36,48). paradigm which consisted of a 100 msec tone CS (85 dB, 6
kHz) presented via stereo headphones followed by a 150 msecSeveral studies have demonstrated disruption of the eye-

blink conditioning response in both humans and in rabbits corneal airpuff US (3 psi). The CS and US were separated
by a 500 msec stimulus free trace period. Training sessionsafter muscarinic cholinergic receptor blockade with scopol-
consisted of 80 CS-US paired trials presented at a randomamine (30,35,37,46,47). This scopolamine-induced disruption
intertrial interval ranging from 30 to 60 sec (M 5 45 sec).was hypothesized to be mediated by the hippocampus, since
Experiments were controlled by a computer software systemthe scopolamine disruption in rabbits only occurred in unoper-
custom-designed to control associative learning tasks (2). Aated controls and in animals with neocortical lesions, while
response was classified by the computer as a CR if a NManimals with hippocampal lesions were unaffected by scopol-
extension greater than 4 standard deviations above baselineamine treatment (46). Scopolamine administration in rabbits
and lasting for 10 successive 1 msec bins occurred during thewas also shown to eliminate the characteristic firing patterns
interval between CS onset and US onset. Subjects were trainedof pyramidal cells (40) which typically accompany eyeblink
until reaching a learning criterion of 80% CRs occurring withinconditioning (7,8). Since central cholinergic blockade had
a day of training or for a maximum of 25 days. Subjects thatbeen shown to disrupt eyeblink conditioning, we hypothesized
reached the learning criterion in less than 25 days of trainingthat central cholinergic amplification with metrifonate treat-
were given several sessions of extinction testing, each of whichment would enhance the performance of aging subjects in
consisted of 80 tone alone trials. Each daily training or extinc-this task.
tion session lasted approximately one hour.AChE distribution (21–23) and cholinergic function in sig-

Mean learning curves were calculated for the four groupsnalling in the rabbit hippocampus (9,57,58) have been de-
and were expressed as the percentage of CRs per trainingscribed, and the effects of aging on eyeblink conditioning of
session. Since all of the subjects were not trained for an equalthe rabbit have been established (26,52). Therefore, rabbit
number of sessions, each subject’s learning curve was normal-eyeblink conditioning was selected as a model to study the
ized to the maximum number of possible training sessions,effects of metrifonate both on central cholinergic function and
using the linear interpolation algorithms of Igor (WaveMe-on learning. Central and peripheral ChE inhibition levels were
trics, Lake Oswego, Oregon), so that qualitative summariesexamined to determine whether a correlation exists between
of learning rates for animals requiring different numbers ofthem, and within what range of ChE inhibition would behav-
trials to reach criterion could be made (50). Mean learningioral benefits be maximized. We describe here the use of
curves for each of the four groups were then calculated fromchronic oral dosing of metrifonate to produce 30–80% steady
the individual normalized learning curves. Behavioral datastate central and peripheral ChE inhibition, and the associated
was analyzed with analyses of variance (ANOVA) (Statview,enhancement of eyeblink conditioning in aging rabbits.
Abacus Concepts, Berkeley, CA) and Fishers’ protected least
significance post-tests, with a minimal criterion for statisti-METHODS
cal significance of p , 0.05. Behavioral data are cited as

Aging (mean age 5 33.71 6 0.31 mo; n 5 24) female albino means 6 standard error of the means.
rabbits (Oryctolagus cuniculus) were surgically fitted with re- At the end of training all subjects were deeply anesthetized
straining headbolts (16,52), and were divided into three metri- and sacrificed by decapitation. The brains were quickly re-
fonate dosage groups (6 mg/kg, 12 mg/kg and 24 mg/kg) and moved, frozen in liquid freon and then stored at 2808C. The
a vehicle control group (100 mM sodium citrate [pH 6.0]). frozen brains were later thawed at 48C, dissected on the mid-
The experimenter was blind to the treatment condition of the line and the cerebellum removed. One hemisphere was
rabbits. Baseline blood samples were taken, and oral adminis- weighed and homogenized in 8 ml/gm wet weight of Triton/
tration of metrifonate was commenced one week prior to the EDTA (0.5% Triton 3 100, 10 mM EDTA, pH 7.4). The
start of behavioral conditioning. The subjects were weighed homogenate was further diluted 1:40 with Triton/EDTA for

assay.and administered the drug daily for five consecutive days fol-
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FIG. 1. Examples of typical responses on single trials shown by subjects during eyeblink conditioning, early (top) and late (bottom) in training.
Examples were taken from both a 12 mg/kg subject (left) and a control subject (right). There were no significant differences between the
average CR amplitudes, CR latencies or UR amplitudes of the different dosage groups.

ChE activity was determined by the radiometric method 480) 5 35.06, p , 0.0001]. Post-hoc Fishers’ tests indicated
that the 12 mg/kg group, in particular, showed a significantof Johnson and Russell (31) with slight modifications. Plasma

was diluted 1:60 and RBC 1:200 with Triton/EDTA, for testing increase in percent conditioned responses over the course of
training when compared with both the control (p , 0.02) andin a 5 min assay at 288C. The substrate was a mixture of

tritiated ACh (Dupont NEN) and cold ACh at 500 mM final the 6 mg/kg groups (p , 0.03; Fig. 2A). When grouped to-
gether, all metrifonate treated subjects required significantlyconcentration. Hemoglobin in diluted RBC samples was deter-

mined using a commercial kit (Sigma); RBC ChE activity fewer trials (697.8 6 134.8) than controls (1275.0 6 245.2) to
reach a learning criterion of 8 out of 10 conditioned responseswas expressed as nmol/ml/min; brain activity as nmol/mg/min.

Inhibition of plasma and RBC activity was determined as a [F(1,22) 5 4.48, p , 0.05; Fig. 2B].The increased levels of
learning were not due to generalized sensorimotor enhance-percent of corresponding baseline activity of the same animal.

For brain inhibition, mean ChE activity of brain tissue was ment, because there were no significant differences between
the average CR amplitudes [F(3,20) 5 2.02, p . 0.14], CRdetermined for six age-matched, placebo-treated animals; in-

hibition in treated animals was expressed as a percent of this latencies [F(3,20) 5 1.03, p > 0.40], or UR amplitudes [F(3,
20) 5 2.3, p . 0.10] observed for the four groups (Table 1).mean normal value.

Atropine esterase activity was estimated by a modification Administration of metrifonate in this study did not result in
of the method of Tucker and Beattie (54). Plasma samples any of the side effects such as fasciculations, tremor, facial
(50 ml) were each mixed with 50 ml of 0.4% cresol red, 1% clonus, or increased defecation which were previously noted
atropine sulfate, pH 7.6 in a 650 ml plastic centrifuge tube, in rat studies (28,29).
incubated at 378C for 2 h, and then observed for color changes Of the 24 subjects trained in the trace eyeblink conditioning
indicating presence of atropine esterase. task, 10 reached a criterion of 80% CRs per session and were

then given at least 3 sessions of extinction testing. Planned
comparisons were used to analyze the degree of extinction ofRESULTS
each of the treatment groups by comparing the percentage ofDaily Oral Administration of Metrifonate Enhanced CRs exhibited by the subjects on the third day of extinctionAcquisition of Trace Eyeblink Conditioning in testing versus the percentage of CRs exhibited on the last dayAging Rabbits. of training (Table 2). The metrifonate treated subjects in each
of the 3 dosage groups (6 mg/kg, 12 mg/kg and 24 mg/kg)A 4 by 25 repeated measures ANOVA was conducted on
showed significantly fewer CRs on the third day of extinctionthe normalized average percent conditioned responses of the
testing than the last day of training [F(1) 5 4.77, p , 0.05;4 dosage groups calculated for 25 blocks of 80 trials (80 trials
F(1) 5 7.35, p , 0.02; F(1) 5 5.91, p , 0.03]. The controla day for a maximum of 25 days). A significant result was
subjects, however, did not significantly extinguish the learnednoted in the drug treatment main effect [F(3,20) 5 3.09, p 5

0.05] as well as the effect of repeated testing sessions [F(24, behavior by the third day of extinction testing (p > 0.3).
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TABLE 2
MEAN PERCENTAGE OF CONDITIONED
RESPONSES FOR SUBJECTS RECEIVING

EXTINCTION TESTING

% CRs on Last % CRs on 3rd Day
Day of EBC of Extinction

Dosage
Group N M SD M SD

Control 2 82.5 3.5 67.5 5.3
6 mg/kg 2 80 0 46.9* 39.8
12 mg/kg 4 84.1 4.9 55* 16.7
24 mg/kg 2 87.5 1.8 50.6* 15

CR 5 conditioned response; EBC 5 eyeblink condi-
tioning. An asterisk denotes a significant decrease in the
percent CRs elicited on the third day of extinction com-
pared with the last day of training (p , 0.05).

expected values. Pre-treatment ChE velocities were RBC,
4.41 6 0.24 nmol ACh/mg hemoglobin/min (n 5 24); plasma,
343.8 6 19.3 nmol/ml/min (n 5 24); brain, 7.93 6 0.40 nmol/
mg/min (n 5 6).

Metrifonate treatment resulted in dose-related inhibitionFIG. 2A. Normalized mean learning curves were calculated for the
of ChE activity in RBCs and in plasma which reached nearfour groups and were expressed as the percentage of conditioned

responses per training session. The 12 mg/kg group showed a signifi- steady state values after two (plasma) or three (RBC) weeks
cant increase in percent conditioned responses over the course of of treatment (Fig. 3). Brain ChE inhibition was also clearly
training when compared with the control (p , 0.02) and 6 mg/kg dose-related. A plot of log dose metrifonate versus percent
groups (p , 0.03), denoted by an asterisk. This learning facilitation brain ChE inhibition (Fig. 4) showed a highly significant corre-
was not due to a generalized sensorimotor enhancement because there lation (R 5 0.92, p , 0.0001) with the following equation:were no significant differences between the mean CR amplitudes,

percent brain ChE inhibition 5 (77.6 3 log metrifonateCR latencies, or UR amplitudes of the different metrifonate dosage
dose)-30.62.groups. The 24 mg/kg group showed an intermediate effect between

Highly significant (p , 0.001) correlations were also ob-themost effective12 mg/kg dose and theother two groups. 2B. Chronic
served between brain and peripheral ChE inhibition at theoral administration of metrifonate enhanced trace eyeblink condition-

ing in the aging rabbit. Metrifonate treated subjects (n 5 18) required time of sacrifice (Fig. 5). Though plasma inhibition was lower
significantly (p , 0.05) fewer trials (697.8 6 134.8) than control sub- than both brain and RBC inhibition, a slope close to 1.0 was
jects (n 5 6) (1275.0 6 245.2) to reach a learning criterion of 8 calculated for the relation between each peripheral measure
conditioned responses occurring within 10 consecutive trials [F(1, and the endpoint brain measures (percent brain ChE inhibi-
22) 5 4.48, p , 0.05], denoted by an asterisk. tion 5 (0.96 3 plasma ChE inhibition) 1 30.0; percent brain

ChE inhibition 5 (0.96 3 RBC ChE inhibition) 1 10.6.
Eleven of the 24 rabbits had measurable atropine esterase

Preliminary experiments showed that pooled rabbit plasma activity (two to four atropine esterase positive animals in each
and RBC ChE activities diverged markedly from Michaelis- treatment group). Presence of atropine esterase activity did
Menton kinetics at substrate concentrations higher than 1 mM. not affect the response of the animals to metrifonate, either
Pooled brain tissue ChE showed substrate inhibition when in the level of ChE inhibition observed or in the relationship
ACh concentration exceeded 2 mM; activity was linear below between peripheral and central ChE inhibition.
this, with calculated Km 5 35 mM, Vmax 5 10.53 nmol/mg/
min. Assay parameters were chosen within the linear range DISCUSSION
of enzyme activity for all tissues tested, and further reduc-

Our results demonstrate that metrifonate can be adminis-tion of activity (by dilution) did not result in deviation from
tered to aging rabbits to obtain chronic dose-related brain ChE
inhibition in a range of 30 - 80% and can enhance acquisition of
trace eyeblink conditioning in aging animals without produc-TABLE 1
ing interfering side effects. Metrifonate treated groups takenMEAN RESPONSE AMPLITUDE AND ONSET LATENCY
as a whole showed behavioral improvement over the control
group (Fig. 2B), with maximal behavioral benefits obtainedCR Amplitude UR Amplitude CR Onset

(mV) (mV) Latency (ms) with a metrifonate dose of 12 mg/kg (Fig. 2A). This correlates
Dosage with a recent behavioral study which determined that daily
Group N M SD M SD M SD p.o. treatment of 12.5 mg/kg of metrifonate in rats resulted

in improved acquisition by young rats in the shuttle box twoControl 6 1944.8 247.9 1764.7 327.8 248.7 37.5
way active avoidance response and improved the platform6 mg/kg 6 1871.4 216.8 1647.4 258.8 232.3 13.1
escape response of young and aging rats in the Morris water12 mg/kg 6 1928.4 154 1782.1 176.5 251.2 46.3
maze task, while a daily dose of 24 mg/kg proved ineffective24 mg/kg 6 1672.4 232.5 2017.3 211.5 163.6 12.5
(56). In the present study the 12 mg/kg daily treatment resulted
in steady state RBC ChE inhibition in a range of 35.3–41.3%.CR 5 conditioned response; UR 5 unconditioned response.
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FIG. 4. Inhibition of brain acetylcholinesterase (AChE) at sacrifice
as a function of log daily dose of metrifonate in rabbits (percent
inhibition 5 (77.6 3 log metrifonate dose) - 30.62; R 5 0.92, p ,
0.0001). AChE inhibition after treatment is expressed as a percent of
mean brain AChE activity of six age-matched, placebo-treated
animals.

This extinction deficit in trace eyeblink conditioning has also
been observed in aging human subjects (10). These findings
suggest that removal of the hippocampus or degeneration of
this structure due to aging may affect a subject’s ability to
modify previously learned responses. Theoretical analyses
have suggested that the ability to respond to stimuli with
flexibility is a major function of the hippocampus (11). The
fact that metrifonate treated subjects were able to extinguish
the learned behavior faster than aging control animals and in
a manner similar to young subjects provides further evidence
that metrifonate treatment enhances learning in aging subjects
and may alleviate some of the learning deficits that result from
hippocampal degeneration.

FIG. 3. Inhibitionof red blood cell (A) and plasma (B) cholinesterase Since the subjects were treated with metrifonate for only
(ChE) measured weekly after daily oral treatment of metrifonate or one week prior to the start of training, and steady state levelsvehicle. Subjects are grouped according to dosage. Data are mean 6 of inhibition were not reached until the second (plasma) orSEM versus pretreatment enzyme activity of each animal (n 5 6/
treatment group).

This coincides with the results of clinical studies (6, 24) which
demonstrated that long-lasting ChE inhibition within a range
of 28 - 58% with a peak at 43% was associated with maximum
therapeutic benefit. The 6 mg/kg and 24 mg/kg groups, in
which steady state ChE inhibition levels [(29.1% 6 2.3) and
(58.4% 6 2.6), respectively] were at the far ends of the range,
did not acquire the learning task as well as the 12 mg/kg group
(Fig. 2A).

Of the 10 subjects that successfully acquired the trace eye-
blink conditioning task to a behavioral criterion of 80% CRs
within one training session, only those treated with metrifo-
nate were able to extinguish the learned behavior (Table 2).
This analysis was limited by the low number of subjects in
each group, and should be considered preliminary. However,
it was interesting that the extinction impairment exhibited by
the two aging control subjects was similar to that observed FIG. 5. Correlation between red blood cell (RBC) or plasma ChE
in rabbits after hippocampal lesions (1, 36,41). Moyer and inhibition and brain ChE inhibition after chronic oral metrifonate
colleagues demonstrated that hippocampally-lesioned rabbits treatment of rabbits. Highly significant correlations (RBC: R 5 0.76,
were able to acquire the 300 msec trace eyeblink conditioning p , 0.001; plasma: R 5 0.77, p , 0.001) between peripheral and

central ChE inhibition were observed (equations in text).task, but were not able to extinguish the learned behavior.
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third (RBC) weeks of treatment (Fig. 3), maximal behavioral Woodruff-Pak and colleagues which demonstrated facilitated
eyeblink conditioning in aging rabbits after treatment withbenefits and maximal behavioral separation of the dosage
the nicotinic receptor agonist, GTS-21 (62). Together, thesegroups probably were not reached in the current study. We
studies provide evidence supporting the cholinergic hypothesisintend to pursue this in the future by extending the baseline
of geriatric memory dysfunction (3). They also illustrate thetreatment period for several weeks in order to establish steady
importance of both the muscarinic and nicotinic cholinergicstate levels of ChE inhibition prior to the start of behav-
pathways in the modulation of hippocampal function and theioral training.
resultant capacity for learning and memory in aging animals.Unlike the response of rat plasma enzymes which recover

We observed several characteristics, including predictabil-rapidly after dichlorvos or metrifonate inhibition (39,43,49),
ity of dose-response relationships, steady-state ChE inhibitionrabbit plasma ChE activity remained inhibited in a manner
and absence of side effects which suggest that metrifonatesimilar to brain enzyme. Either RBC or plasma enzyme activ-
may help compensate for the central cholinergic system dys-ity can thus be used to monitor steady state drug effects in
function which apparently contributes to impaired learning inrabbits in vivo, as inhibition of both enzymes was significantly
aging rabbits (52). Furthermore, we observed a correlationcorrelated with brain inhibition (Fig. 5). In addition, levels of
between the most effective range of ChE inhibition for behav-ChE inhibition were not influenced by the presence or absence
ioral benefits in aging rabbits with those of human clinicalof atropine esterase in the animals. Since the muscarinic antag- studies. It is important to stress that the enhancement of acqui-onist atropine has been used in investigations of the choliner- sition rate was obtained in aging rabbits in the absence ofgic system, either experimentally to manipulate cholinergic obvious behavioral or physiological side effects. This is a rele-

function or as a safety feature to avoid death by ChE inhibitor vant issue for ChE inhibitors, which tend to be plagued by
overdose, some investigators (e.g., 33) use only atropine ester- negative side effects in behaviorally effective ranges (6, 32,
ase negative animals. Our results show that data obtained in 59). Thus, metrifonate may be effective as a possible treatment
such animals after ChE inhibition by metrifonate was similar for aging or Alzheimer Disease-related cognitive deficits
to that from atropine esterase positive rabbits. which could be used without producing uncomfortable or pos-

Muscarinic cholinergic receptor blockade has been demon- sibly life-threatening physiological side effects. This study also
strated to disrupt eyeblink conditioning in rabbits further substantiates the utility of the rabbit eyeblink condi-
(30,35,37,46,47). The improved eyeblink conditioning noted tioning paradigm as a model for the investigation of therapeu-
here in aging rabbits was correlated with ChE inhibition, which tic agents to treat age-associated learning deficits.
presumably enhances muscarinic cholinergic function. Fur-

ACKNOWLEDGMENTSthermore, these results demonstrating improved learning in
aging rabbits in response to amplification of the muscarinic This work was supported by NIH R01 AG08796 to J.F.D., NIH

MH10837-01A1 to M.A.C., and Bayer Inc.cholinergic system are convergent with a recent study by

REFERENCES

1. Akase, E.; Alkon, D. L.; Disterhoft, J. F. Hippocampal lesions 9. Brazhnik, E. S.; Vinogradova, O. S.; Stafekhina, V. S.; Kitchigina,
V. F. Acetylcholine, theta-rhythm and activity of hippocampalimpair memory of short- delay conditioned eye-blink in rabbit.

Behav. Neurosci. 103:935–943; 1989. neurons in the rabbit-I. Spontaneous activity. Neuroscience
53:143–153; 1993.2. Akase, E.; Thompson, L. T.; Disterhoft, J. F. A system for quanti-

tative analysis of associative learning. Part 2. Real-time software 10. Carrillo, M. C.; Fitzpatrick, C. T.; Gabrieli, J. D. E.; Disterhoft,
J.F. Age and trace interval affect eyeblink conditioning inhumans.for MS-DOS microcomputers. J. Neurosci. Meth. 54:119–130;

1994. Psychol. Aging, Submitted; 1995.
11. Cohen, N. J.; Eichenbaum, H. Memory, amnesia and the hippo-3. Bartus, R.; Dean, R.; Beer, B.; Lippa, A. The cholinergic hypothe-

sis of geriatric memory dysfunction. Science, 217:408–416; 1982. campal system. Massachusetts, MIT Press; 1993.
12. Coyle, J. T.; Price, D. L.; DeLong, M. R. Alzheimer’s disease: A4. Becker, R. E.; Colliver, J.; Elble, R.; Feldman, E.; Giacobini, E.;

Kumar, V.; Markwell, S.; Moriearty, P.; Parks, R.; Shillcutt, S. D.; disorder of cortical cholinergic innervation. Science 219:1184–
1190; 1982.Unni, L.; Vicari, S.; Womack, C.; Zec, R. F. Effects of metrifonate,

a long-acting cholinesterase inhibitor, in Alzheimer disease: Re- 13. Coyle, J. T.; Price, D. L.; DeLong, M. R. Brain mechanisms in
Alzheimer’s disease. Hospital Practice 55–63; 1982.port of an open trial. Drug Dev. Res. 19:425–434; 1990.

5. Becker, R. E.; Moriearty, P.; Surbeck, R.; Unni, L.; Varney, A.; 14. Davis, K. L, Thal, L. J.; Gamzu, E. R.; Davis, C. S.; Woolson, R.
F.; Gracon, S. I.; Drachman, D. A.; Schneider, L. S.; Whitehouse,Vicari, S. K. Second and third generation cholinesterase inhibitors:

Clinical aspects. In: Giacobini, E.; Becker, R., eds. Alzheimer’s P. J.; Hoover, T. M. A double- blind, placebo-controlled mulit-
center study of tacrine for Alzheimer’s disease. The Tacrine Col-disease: Therapeutic Strategies. Boston, Birkhauser; 1994:

172–178. laborative Study Group. N. Engl. J. Med. 327(18):1253–1259;1992.
15. Dawson, G. R.; Iversen, S. D. The effects of novel cholinesterase6. Becker, R. E.; Moriearty, P.; Unni, L. The second generation of

cholinesterase inhibitors:clinical and pharmacological effects. In: inhibitors and selective muscarinic receptor agonists in tests of
reference and working memory. Behav. Brain Res. 57:143–153;Becker, R. E.; Giacobini, E., eds. Cholinergic basis for Alzheimer

therapy. Boston, Birkhauser; 1991:263–296. 1993.
16. Disterhoft, J. F.; Kwan, H. H.; Lo, W. D. Nictitating membrane7. Berger, T. W.; Rinaldi, P.; Weisz, D. J.; Thompson, R. F. Single

unit analysis of different hippocampal cell types during classical conditioning to tone in the immobilized albino rabbit. Brain Res.
137:127–143; 1977.conditioning of the rabbit nictitating membrane response. J. Neu-

rophysiol. 59:1197–1219; 1983. 17. Disterhoft, J. F.; Thompson, L. T.; Moyer, J. R., Jr. Cellular
mechanisms of associative learning in the hippocampus. In: Dela-8. Berger, T. W.; Thompson, R.F. Identification of pyramidal cells

as critical in hippocampal neuronal plasticity during learning. cour, J., ed. The memory system of the brain. Singapore, World
Scientific Publishing; 1994:431–492.Proc. Nat. Acad. Sci. 75:1572–1578; 1978.



EYEBLINK CONDITIONING IN AGING RABBITS 109

18. Durkin, M.; Prescott, L.; Furchtgott, E.; Cantor, J.; Powell, D. A. changes in classical (Pavlovian) conditioning in the New Zealand
albino rabbit. Exp. Aging Res. 7(4):453–465; 1981.Concomitant eyeblink and heart rate classical conditioning in

young, middle-aged, and elderly human subjects. Psychol. Aging 39. Reiner, E.; Plestina, R. Regeneration ofcholinesterase activities in
humans and rats after inhibition by 0,0-dimethyl-2,2-dichlorovinyl8(4):571–581; 1993.

19. Fishbein, H. D. Gormezano, I. Effects of differential instructions, phosphate. Toxicol. Appli. Pharmacol., 49:451–454; 1979.
40. Salvatierra, A. T.; Berry, S. D. Scopolamine disruption of septo-differential payoffs, and the presence or absence of feedback on

the percentage, latency, and amplitude of the conditioned eyelid hippocampal activity and classical conditioning. Behav. Neurosci.
103:715–721; 1989.response. J. Experi. Psych. 71(4):535–538; 1966.

20. Geinisman, Y.; Detoledo-Morrell, L.; Morrell, F.; Heller, R. E. 41. Schmaltz, L. W.; Theios, J. Acquisition and extinction of a classi-
cally conditioned response in hippocampectomized rabbits (Oryc-Hippocampal markers of age-related memory dysfunction: behav-

ioral, electrophysiological, and morphological perspectives. Prog. tolagus cuniculus). J. Comp Physiol. Psychol. 79:328–333; 1972.
42. Sclar, D. A.; Skaer, T. L. Current concepts in the treatment ofNeurobiol. 45:223–252; 1995.

21. Geneser, F. A. Distribution of acetylcholinesterase in the hippo- Alzheimer’s disease. Clin. Ther. 14(1):2–10; 1992.
43. Soininen, H.; Unni, L.; Shillcutt, S. Effect of acute and chroniccampal region of the rabbit: I. Entorhinal area, parasubiculum

and presubiculum. J. Comp. Neurol. 254:352–368; 1986. cholinesterase inhibition on biogenic amines in rat brain. Neuro-
chem. Res., 15:1185–1190; 1990.22. Geneser, F. A. Distribution of acetylcholinesterase in the hippo-

campal region of the rabbit: II. Subiculum and hippocampus. J. 44. Solomon, P. R.; Beal, M. F.; Pendlebury, W. W. Age-related
disruption of classical conditioning: A model systems approachComp. Neurol. 262:90–104; 1987a.

23. Geneser, F. A. Distribution of acetylcholinesterase in the hippo- to memory disorders. Neurobiol. Aging 9:535–546; 1988.
45. Solomon, P. R.; Groccia-Ellison, M.; Levine, E.; Blanchard, S.;campal region of the rabbit: III. The dentate area. J. Comp. Neu-

rol. 262:594–606; 1987b. Pendlebury, W. W. Do temporal relationships in conditioning
change across the lifespan? Ann. NY Acad. Sci. 608:212–232; 1990.24. Giacobini, E.; Cuadra, G. Second and third generation cholines-

terase inhibitors: from preclinical studies to clinical efficacy. In: 46. Solomon, P. R.; Groccia-Ellison, M.; Flynn, D.; Mirak, J.; Ed-
wards, K. R.; Dunehew, A.,; Stanton, M. E. Disruption of humanGiacobini, E.; Becker, R., eds. Alzheimer’s disease: Therapeutic

strategies. Boston, Birkhauser; 1994:155–171. eyeblink conditioning after central cholinergic blockade with sco-
polamine. Behav. Neurosci. 107:271–279; 1993.25. Gormezano, I.; Schneiderman, N.; Deaux, F.; Fuentes, I. Nictitat-

ing membrane: Classical conditioning and extinction in the albino 47. Solomon, P. R.; Solomon, S. D.; VanderSchaaf, E. R.; Perry, H.
E. Altered activity in the hippocampus is more detrimental thanrabbit. Science 138:33–34; 1962.

26. Graves, C. A.; Solomon, P. R. Age-related disruption of trace removal of the structure. Science 220:329–331; 1983.
48. Solomon, P. R.; Vander Schaff, E.; Thompson, R. F.; Weisz, D.but not delay classical conditioning of therabbit’s nictitating mem-

brane response. Behav. Neurosci. 99:88–96; 1985. J. Hippocampus and trace conditioning of the rabbit’s classically
conditioned nictitating membrane response. Behav. Neurosci.27. Hagan, J. J.; Morris, R. G. M. The Cholinergic Hypothesis of

Memory: A review of animal experiments. In Iversen L. L.; Iver- 100:729–744; 1986.
49. Sterri, S. H. Factors modifying the toxicity of organophosphoroussen, S. D.; Snyder, S. H., eds. Psychopharmacology of the Aging

Nervous System, Handbook of Psychopharmacology 20. New compounds including dichlorvos. Acta. Pharmacol. et Toxicol. 49,
Suppl. V. 67–71; 1981.York, Plenum Press; 1988:237–323.

28. Hallak, M.; Giacoboini, E. A comparison of the effects of two 50. Thompson, L. T.; Moskal, J. R.; Disterhoft, J. F. Hippocampus–
dependent learning facilitated by a monoclonal antibody or D-inhibitors of brain cholinesterase. Neuropharmacol. 26:521–530;

1987. cycloserine. Nature 359:638–641; 1992.
51. Thompson, L. T.; Moyer, J. R.; Akase, E.; Disterhoft, J. F. A29. Hallak, M.; Giacobini, E. Physostigmine, tacrine and metrifonate:

The effect of multiple doses on acetylcholine metabolism in rat system of quantitative analysis of associative learning. Part 1.
Hardware interfaces with cross-species applications. J. Neurosci.brain. Neuropharmacol. 28:199– 206; 1989.

30. Harvey, J. A.; Gormezano, I.; Cool-Hauser, V. A. Effects of sco- Meth. 54:109–117; 1994.
52. Thompson, L. T.; Moyer, J. R.; Disterhoft, J. F. Trace eyeblinkpolamine and methylscopolamine on classical conditioning of the

rabbit’s nictitating membrane response. J. Pharm. Exp. Ther. conditioning in rabbits demonstrates heterogeneity of learning
ability both between and within age groups. Neurobiol. Aging225:42–49; 1983.

31. Johnson, C. D.; Russell, R. L. A rapid, simple radiometric assay 17(4):619–629; 1996.
53. Thompson, R. F.; Berger, T. W.; Cegavske, C. F.; Patterson, M.forcholinesterase, suitable for multiple determinations. Anal. Bio-

chem. 64:229–238; 1975. M.; Roemer, R. A.; Teyler, T. A.; Young, R. A. The search for
the engram. Ameri. Psychol. 31:209–227; 1976.32. Knapp, M. J.; Knopman, D. S.; Solomon, P. R.; Pendlebury, W.

W.; Davis, C. S.; Gracon, S. I. A 30-week randomized controlled 54. Tucker, R. S.; Beattie, R. J. Qualitative microtest for atropine
esterase. Lab. Animal Sci. 33:268–269; 1983.trial of high-dose tacrine in patients with Alzheimer’s disease.

The Tacrine Study Group. J. Amer. Med. Assoc. 271(13):985– 55. Van Hoesen, G. W.; Solodkin, A. Cellular and systems neuroana-
tomical changes in Alzheimer’s Disease. Ann. N.Y. Acad. Sci.991; 1994.

33. Koplovitz, I. Stewart, J. R. A comparison of the efficacy of H16 747:12–35; 1994.
56. Van der Staay, F. J.; Hinz, V. C.; Schmidt, B. H. Effects of metrifo-and 2-PAM against soman, tabun, sarin, and VX in the rabbit.

Toxicol. Letters 70:269–279; 1994. nate on escape and avoidance learning in young and aged rats.
Behav. Pharmacol. 7:56–64; 1996.34. Levy, A., Brandeis, R.; Treves, TA.; Meshulam, Y.; Mwassi, F.;

Feiler, D.; Wengier, A.; Glikfeld, P.; Grunwald, J.; Dachir, S. 57. Vinogradova, O. S.; Brazhnik, E. S.; Stafekhina, V. S.; Kitchigina,
V. F. Acetylcholine, theta-rhythm and activity of hippocampalTransdermal physostigmine in the treatment of Alzheimer’s dis-

ease. Alz. Disease Assoc. Disor. 8(1):15–21; 1994. neurons in the rabbit-II. Septal input. Neuroscience 53:971–979;
1993.35. Moore, J. W.; Goodell, N. A.; Solomon, P. R. Central cholinergic

blockade by scopolamine and habituation, classical conditioning, 58. Vinogradova, O. S.; Brazhnik, E. S.; Stafekhina, V. S.; Kitchigina,
V. F. Acetylcholine, theta-rhythm and activity of hippocampaland latent inhibition of the rabbit’s nictitating membrane re-

sponse. Physiol. Psychol. 4:395–399; 1976. neurons in the rabbit-III. Cortical input. Neuroscience 53:981–
991; 1993.36. Moyer, J. R.; Jr.; Deyo, R. A.; Disterhoft, J. F. Hippocampectomy

disrupts trace eyeblink conditioning in rabbits. Behav. Neurosci. 59. Watkins, P. B.; Zimmerman, H. J.; Knapp, M. J.; Gracon, S. I.;
Lewis, K. W. Hepatotoxic effects of tacrine administration in104:243–252; 1990.

37. Powell, D. A. Peripheral and central muscarinic cholinergic block- patients with Alzheimer’s disease. J. Am. Med. Assoc.
271(13):992–998; 1994.ade: Effects on Pavlovian conditioning. Bull. Psych. Soc. 14:161–

164; 1979. 60. Woodruff-Pak, D. S.; Lavond, D. G.; Logan, C. G.; Thompson,
R. F. Classical conditioning in 3–, 30-, and 45-month-old rabbits:38. Powell, D. A.; Buchanan, S. L.; Hernandez, L. L. Age-related



110 KRONFORST-COLLINS ET AL.

Behavioral learning and hippocampal unit activity. Neurobiol. 62. Woodruff-Pak, D. S.; Li, Y. T.; Kem, W. R. A nicotinic agonist
Aging, 8:101–108; 1987. (GTS-21), eyeblink conditioning, and nicotinic receptor binding

61. Woodruff-Pak, D. S.; Logan, D. G.; Thompson, R. Neurobiologi- in rabbit brain. Brain Res. 645:309–317; 1994.
cal substrates of classical conditioning across the life span. Ann.
NY Acad. Sci. 608:150–173; 1990


