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Abstract
The cholesterol-fed rabbit is a model of atherosclerosis and has been proposed as an animal model
of Alzheimer's disease. Feeding rabbits cholesterol has been shown to increase the number of beta
amyloid immunoreactive neurons in the cortex. Addition of copper to the drinking water of
cholesterol-fed rabbits can increase this number still further and may lead to plaque-like structures.
Classical conditioning of the nictitating membrane response in cholesterol-fed rabbits is retarded in
the presence of these plaque-like structures but may be facilitated in their absence. In a factorial
design, rabbits fed 2% cholesterol or a normal diet (0% cholesterol) for 8 weeks with or without
copper added to the drinking water were given trace classical conditioning using a tone and periorbital
electrodermal stimulation to study the effects of cholesterol and copper on classical conditioning of
heart rate and the nictitating membrane response. Cholesterol-fed rabbits showed significant
facilitation of heart rate conditioning and conditioning-specific modification of heart rate relative to
normal diet controls. Consistent with previous research, cholesterol had minimal effects on classical
conditioning of the nictitating membrane response when periorbital electrodermal stimulation was
used as the unconditioned stimulus. Immunohistochemical analysis showed a significant increase in
the number of beta amyloid positive neurons in the cortex, hippocampus and amygdala of the
cholesterol-fed rabbits. Supplementation of drinking water with copper increased the number of beta
amyloid positive neurons in the cortex of cholesterol-fed rabbits but did not produce plaque-like
structures or have a significant effect on heart rate conditioning. The data provide additional support
for our finding that, in the absence of plaques, dietary cholesterol may facilitate learning and memory.

Cholesterol enhances rabbit heart rate conditioning
The cholesterol-fed rabbit has been used as an animal model of atherosclerosis since 1913
when Anitchkow first demonstrated that a cholesterol diet induced vascular lesions (Bocan,
1998;Fan & Watanabe, 2000;Finking & Hanke, 1997;Moghadasian, 2002). More recently, the
cholesterol-fed rabbit has been proposed as an animal model of Alzheimer's disease (Ghribi,
Larsen, Schrag, & Herman, 2006;Sjogren, Mielke, Gustafson, Zandi, & Skoog, 2006;Sparks
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et al., 1994;Sparks, 1997;Sparks, Martin, Gross, & Hunsaker III, 2000;Zatta, Zambenedetti,
Stella, & Licastro, 2002). Based on the observation that patients with heart disease had beta
amyloid staining in the brain (Sparks, 1999;Streit & Sparks, 1997), Sparks found that rabbits
fed cholesterol to induce heart disease also had beta amyloid staining in the brain (Sparks et
al., 1994;Sparks, 1997).

Initial studies examining the ability of cholesterol-fed rabbits to learn found that although a
cholesterol diet elevated the number of beta amyloid labeled neurons, it actually improved
classical conditioning of the nictitating membrane response (Schreurs, Smith-Bell, Lochhead,
& Sparks, 2003). It was only when cholesterol-fed rabbits displayed beta amyloid plaque-like
structures induced by adding copper to the drinking water that classical conditioning of the
nictitating membrane response (NMR) was retarded (Sparks & Schreurs, 2003). The addition
of copper to the drinking water was based on the finding that copper was the critical component
in tap water that increased the number of beta amyloid immunoreactive neurons in cholesterol-
fed rabbits (Sparks et al., 2006;Sparks, Lochhead, Horstman, Wagoner, & Martin, 2002;Sparks
& Schreurs, 2003). If plaque-like structures are not induced by supplementation with copper,
cholesterol-fed rabbits show classical conditioning of the NMR at levels as high as or higher
than controls (Schreurs et al., 2007, in press). The purpose of the present experiment was to
determine the effects of cholesterol and copper on another form of learning – rabbit heart rate
(HR) conditioning and HR conditioning-specific reflex modification (Schreurs, Crum, Wang,
& Smith-Bell, 2005).

Method
Subjects

Forty one male, New Zealand white rabbits (Oryctolagus cuniculus) supplied by Harlan
(Indianapolis, IN) weighed approximately 2.0-2.2 kg upon arrival. Animals were housed in
individual cages, given free access to food and ultra pure water (18 MΩ, Millipore Academic)
and maintained on a 12-hour light/dark cycle. Rabbits were assigned to four groups comprising
a 2×2 factorial design with cholesterol-supplemented rabbit chow and copper-supplemented
drinking water as the factors. The four groups consisted of cholesterol chow and copper water
(cholesterol + copper, n = 11), cholesterol chow and normal water (cholesterol, n = 10), normal
chow and copper water (copper, n = 10), and normal chow and normal water (control, n =10).
One rabbit from the control group showed excessively high levels of spontaneous blinking that
precluded behavioral assessment and was only used for histological analysis.

Cholesterol-fed rabbits received 2% cholesterol incorporated into Purina rabbit chow (Dyets
Inc., Bethlehem, PA) for 8 weeks prior to behavioral experiments and normal chow control
rabbits received standard Purina rabbit chow (0% added cholesterol). Rabbits supplemented
with copper had 0.12 PPM copper as copper sulfate added to the drinking water. Rabbits were
kept on their respective diets throughout the course of the behavioral experiments and
maintained in accordance with guidelines issued by the National Institutes of Health. The
research was approved by the West Virginia University Animal Care and Use Committee.

Apparatus
The apparatus has been detailed by Schreurs and Alkon (1990) who modeled their apparatus
after those described by Gormezano (Coleman & Gormezano, 1971;Gormezano, 1966). In
brief, each subject was restrained in a Plexiglas box and trained in a sound-attenuating,
ventilated chamber (Coulbourn Instruments, Allentown, PA; Model E10-20). A stimulus panel
containing a speaker and a house light (10-W, 120-V incandescent lamp) was mounted at a
45° angle, 15 cm anterior to and 15 cm above the subject's head. An 82-dB tone conditioned
stimulus (CS) was presented in each chamber through the speaker and an ambient noise level
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of 65 dB was provided by an exhaust fan. Periorbital electrical stimulation served as the
unconditioned stimulus (US) and was delivered by a programmable two-pole stimulator
(Coulbourn Instruments, Model E13-35) via stainless steel Autoclip (Stoelting, Wood Dale,
IL) wound clips positioned 10 mm below and 10 mm posterior to the dorsal canthus of the
right eye.

The apparatus and procedures for measuring the rabbit electrocardiogram (ECG) have been
detailed previously (Schreurs et al., 2005;Schreurs & Smith-Bell, 2005). Briefly, the ECG was
recorded from three wound clips coupled to a custom amplifier. Two clips were placed into
shaved skin on either side of the breast bone [20 mm lateral of the apex] and one on a shaved
area on the right shoulder. Individual amplifier circuitry for each rabbit provided 10,000-fold
amplification of the ECG signal which was routed to a 12-bit analog-to-digital converter (1-
ms sampling rate) and stored on a trial-by-trial basis for subsequent inspection and analysis.
A custom circuit isolated the US from the ECG amplifier during US presentations to prevent
high-voltage artifacts and subsequent electronic “ringing” from saturating the system (Schreurs
et al., 2005).

Details of transducing nictitating membrane (NM) movements have been reported previously
(Gormezano & Gibbs, 1988;Schreurs & Alkon, 1990). In short, a hook connected to an L-
shaped lever containing a freely moving ball and socket joint was attached to a 6-0 nylon loop
sutured into, but not through, the NM. The other end of the lever was attached to a rotary
encoder (Vernitron Corp., St Petersburg, FL; Model VOE05-256) or potentiometer
(Novotechnik US Inc., Southborough, MA; Model P2201) that, in turn, was connected to a 12-
bit analog-to-digital converter (5-ms sampling rate; 0.05-mm resolution). Individual analog-
to-digital outputs were stored on a trial-by-trial basis for subsequent analysis. Data collection,
analysis and stimulus delivery were accomplished using a LabVIEW system (National
Instruments, Austin, TX).

Procedure
All rabbits received one day of adaptation, one 80-trial session of US testing (Pretest), two
daily sessions of paired CS-US presentations (Paired), followed by another 80-trial session of
US testing (Post Test 1), then six additional daily sessions of paired CS-US presentations and
a final 80-trial session of US testing (Post Test 2). Post Test 1 was designed to assess
conditioning-specific reflex modification (CRM) of HR (Schreurs et al., 2005) and was timed
to coincide with the maximum level of HR conditioning (Powell & Levine-Bryce,
1988;Schneiderman, 1972). HR CRM refers to the finding that, following high levels of HR
conditioning, responding to the US changes from an unconditioned increase in HR to a decrease
in HR reminiscent of the conditioned HR response (Schreurs et al., 2005). Previous research
has shown that HR conditioning asymptotes after a relatively small number of CS-US pairings
and then decreases with additional pairings (Powell & Levine-Bryce, 1988;Schneiderman,
1972). By assessing HR CRM after two days of CS-US pairings we were able to assess HR
CRM at the point of maximal HR conditioning (Schreurs et al., 2005). Post Test 2 was designed
to assess CRM of the NMR and was timed to coincide with the maximum level of NMR
conditioning (Schreurs, Gonzales-Joekes, & Smith-Bell, 2006). NMR CRM refers to the
finding that the amplitude, peak latency and area of an unconditioned NMR to a periorbital
electrodermal US increases as a result of NMR conditioning (Gruart & Yeo, 1995;Schreurs,
Oh, Hirashima, & Alkon, 1995). Previous experiments have shown that CRM is a function of
the strength of NMR conditioning (Buck, Seager, & Schreurs, 2001;Schreurs et al., 1995) and
CRM does not occur until there are significant levels of NMR conditioning (Schreurs et al.,
1995). By assessing NMR CRM after eight days of CS-US pairings, we were able to assess
NMR CRM at the point of maximal NMR conditioning (Schreurs et al., 1995). Previous NMR
and HR conditioning experiments from our laboratory (Schreurs et al., 2005;Schreurs et al.,
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1995;Schreurs, Shi, Pineda, & Buck, 2000) have shown that there is no CRM in unpaired
controls so the unpaired control condition was not added to this already relatively complex
experimental design.

On adaptation day, the rabbits were prepared for electrodermal stimulation and recording of
both NM movement and ECG (Schreurs et al., 2005) and then adapted to the chambers for the
same amount of time as subsequent recording sessions (80 min). On US Pretest and both Post
Test 1 and Post Test 2, subjects received a total of 80 trials of the electrical stimulation US
presented at an average intertrial interval (ITI) of 60 s (50-70 s range). Each trial involved the
presentation of 1 of 20 possible combinations of stimulus intensity (0.1, 0.25, 0.5, 1.0, or 2.0
mA) and duration (10, 25, 50, or 100 ms). Four separately randomized sequences of the 20
stimulus combinations were presented on each testing day, with the restriction that the same
intensity or duration could not occur on more than three consecutive trials.

The first paired session contained 30 CS-alone trials to habituate the HR orienting response to
the CS prior to 45 CS-US paired trials and 5 interspersed CS-alone test trials presented
following every 9th CS-US paired trial. The CS was a 100-ms, 1-KHz, 82-dB tone and the US
was a 100-ms, 60-Hz, 2-mA electrodermal stimulus. On paired trials, the CS occurred 1,000-
ms before the US (i.e., there was a 900-ms trace). The second and subsequent paired sessions
consisted of 72 CS-US paired trials and 8 interspersed CS-alone test trials presented following
every 9th CS-US paired trial. Trials were presented, on average, every 60 s. These parameters
were chosen to induce robust heart rate conditioning as well as a modest level of NMR
conditioning (Powell & Levine-Bryce, 1988;Schneiderman, 1972;Schreurs et al., 2005).

Data Collection
Measurement of HR classical conditioning and the HR changes used to index conditioned fear
usually involves the measurement of the number of beats per minute or the interbeat interval
(heart period). There continues to be considerable debate in the psychophysiology literature
about the appropriate measurement of HR change and it has been argued that the interbeat
interval (IBI) is a more appropriate measure of HR variability than HR per se (Berntson et al.,
1997;Berntson, Cacioppo, & Quigley, 1995). Although we will use the term HR conditioning
and HR CRM descriptively, the change in IBI to a stimulus from a pre-stimulus baseline is the
measurement reported in the present paper because it is more accurate and it is consistent with
a good deal of the rabbit HR conditioning literature (McEchron et al., 1991; Powell et al.,
1988; Supple, Jr. et al., 1993). Where rabbit HR has been reported in beats per minute, it has
often been converted from IBI (Ayers & Powell, 2002;McEchron, Cheng, & Gilmartin,
2004).

All IBI data reported in the present experiment were based on the ECG records collected over
a 4,000-ms interval comprised of a 2,000-ms pre-stimulus baseline and a 2,000-ms interval
following stimulus onset on CS-alone trials and on US test trials. Rabbit ECG data were
collected as described previously (Schreurs et al., 2005). Briefly, filtered ECGs were used to
detect individual heart beats using a waveform template matching algorithm created in
LabVIEW. Visual inspection of the ECG ensured that heart beats missed by the waveform
algorithm (false negatives) were included and those erroneously included as a result of artifacts
such as movement (false positives) were eliminated. Heart beats that were missed by the
algorithm typically occurred during or immediately after the US. Data were expressed as a
change in IBI to the CS from the two second pre-stimulus baseline on CS-alone test trials and
to the US from the two second pre-stimulus baseline during US testing (Schreurs et al.,
2005;Schreurs & Smith-Bell, 2005). Heart beat detection was relatively straightforward
because the “R” component of the PQRST waveform in the ECG recording had amplitudes
approaching 1.0 mV which were typically ten to twenty times greater than the noise level. In
contrast, the P component of the PQRST waveform had amplitudes of 20 to 40 V. One
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implication of this lower signal-to-noise ratio for the P component was that although the peak
amplitude could be resolved routinely, the exact onset could not. The PQ interval was most
reliably measured by a peak detection algorithm (Origin Software, Northampton, MA) as the
distance between the peaks of the P and Q components of the 4,000-ms ECG recording - a
measure that has been used previously in the analysis of animal ECG data (Hayes, Pugsley,
Penz, Adaikan, & Walker, 1994;Nijsen et al., 1998;Schreurs et al., 2005). The PQ interval was
measured in the present experiment as an index of central nervous system parasympathetic
control of HR because the PQ interval is modulated in large part by inputs from the motor
nucleus of the vagus that receive inputs from the amygdala (Nijsen et al., 1998;Schreurs et al.,
2005). We have shown previously that the PQ interval is sensitive to the level of HR
conditioning and HR CRM (Schreurs et al., 2005).

All NMR data reported in the present experiment were based on NM movement recorded over
a 2,000-ms interval comprised of a 200-ms pre-stimulus baseline and a 1,800-ms interval
following stimulus onset on CS-alone trials and on US test trials. An NM conditioned response
(CR) on CS-alone trials was defined as any extension of the NM exceeding 0.5 mm that was
initiated within 1,800 ms of CS onset. A NM unconditioned response (UR) was defined as any
extension of the NM exceeding 0.5 mm that occurred within 300 ms of US onset (Schreurs et
al., 2000). In order to overcome the statistical limitations of empty data cells produced by
subthreshold US intensities without introducing the potential biases of data imputation, we
used dependent variable measures of magnitude of the NMR and magnitude of the NMR area.
These measures included all amplitudes and areas above the baseline regardless of whether or
not a NMR met the 0.5-mm criterion (Gracia, Mauk, Weidemann, & Kehoe, 2003). NMR
topographies for each of the US intensities were averaged across subjects and US durations
and examined for differences by comparing the shape of the averaged response (Schreurs et
al., 2006;Seager, Smith-Bell, & Schreurs, 2003).

To provide a statistical measure of the shape of an averaged NMR, we analyzed for symmetry
(skew) and tail size (kurtosis). Significant positive skew values indicate there is a peak toward
the beginning of the NMR, and significant negative values indicate there is a peak more toward
the end of the NMR. A significant positive kurtosis value indicates the NMR has a long tail,
and a significant negative value indicates the NMR has a short tail. A skew coefficient is
considered significant if the absolute value of skew divided by the standard error of skew is
greater than 2, and a kurtosis coefficient is considered significant if the absolute value of
kurtosis divided by the standard error of kurtosis is greater than 2 (Systat 8.0, SSI, Point
Richmond, CA). Our previous research indicated that NM URs on pretest reached their peak
just after US onset with a long tail to the right. Such response topographies would yield high,
significant, positive values for both skew and kurtosis. However, following CS- US pairings,
NM URs tend to have peaks that are larger and shifted to the right, yielding lower and even
significant negative values for both skew and kurtosis (Schreurs et al., 2006;Seager et al.,
2003).

Histology
In order to determine the effects of the cholesterol diet on the brain, rabbits were anesthetized
deeply with a cocktail of Ketamine (640 mg/kg)/Xylazine (130 mg/kg), and perfused
transcardially with 0.5% paraformaldehyde. Brains were extracted and post-fixed for fourteen
days in 4% paraformaldehyde. Fifty micron vibratome sections of the hippocampus and
surrounding cortex as well as the area surrounding the amygdala were immunostained with an
antibody to beta amyloid (10D5; provided by Dr. Dale Schenk of Elan Pharmaceuticals) using
published peroxidase-antiperoxidase immunohistochemical methods (Sparks et al., 1994). The
cells stained for the10D5 antibody within a 0.5 × 0.5 mm square grid were counted in at least
four randomly selected areas and averaged for the temporal cortex, hippocampus and the
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amygdala. Counts were made by a researcher who was blinded to the rabbits' treatment
conditions.

Results
Body Weight

At the beginning of the behavioral experiments rabbits in the cholesterol + copper group
weighed 2.97kg ±0.05 kg (Mean ± SEM), rabbits in the cholesterol group weighed 2.80kg
±0.08 kg, rabbits in the copper group weighed 3.31kg ±0.1kg and rabbits in the control group
weighed 3.34 kg ±0.06kg. There was a significant main effect of cholesterol on body weight,
F(1,36) = 37.83, p < .001, but no main effect of copper or interaction of cholesterol and copper
(largest F < 1.89).

Behavior
HR Conditioning—Figure 1 shows the mean (± SEM) change in IBI to the CS from the pre-
stimulus baseline for rabbits in the four groups during CS-alone Habituation trials on Day 1
and during CS-alone test trials on Days 1 and 2 as well as on Days 3-8 following Post Test 1.
The figure shows very clear HR conditioning in all four groups evidenced by significantly
elevated changes in mean IBI from baseline on CS-alone test trials during CS-US pairings
relative to the mean IBIs on CS-alone trials during Habituation. In addition, the figure shows
that the highest levels of HR conditioning were reached by the second day of CS-US pairings
and subsequently began to decrease across the course of further CS-US pairings. A comparison
of the four groups indicates that cholesterol-fed rabbits showed higher levels of HR
conditioning than the copper or control group particularly on Day 2 when rabbits showed their
highest level of HR conditioning. Among the cholesterol groups there appears to be a higher
level of HR conditioning in the cholesterol group than in the cholesterol + copper group.

Analysis of variance of mean change in IBI from baseline on CS-alone trials during Habituation
revealed no significant differences between the groups, largest F < 1.58. Analysis of mean
change in IBI from baseline on CS-alone trials during Habituation compared to mean change
in IBI from baseline on CS-alone trials during the CS-US pairings phase of Day 1 revealed a
main effect of pairings, F(1,36) = 27.75, p < .001, but no main effect or interaction of cholesterol
or copper, F's < 1.26. In contrast, analysis of mean change in IBI from baseline on CS-alone
trials during Habituation compared to CS-alone trials during CS-US pairings on Day 2 revealed
main effects of cholesterol, F(1,36) = 5.76, p < .05, and pairings, F(1,36) = 20.91, p < .001, as
well as an interaction of pairings and cholesterol, F(1,36) = 4.55, p < .05. Across each of the
remaining days of CS-US pairings following Post Test 1 there was a significant level of HR
conditioning, smallest F = 6.96, p < .05, but there was only a main effect of cholesterol on Day
3, F(1,36) = 4.40, p < .05, and no further main effects or interactions on any of the remaining
days, largest F(1,36) = 3.29 p > .07. In sum, rabbits showed HR conditioning and, at asymptote,
cholesterol-fed rabbits produced higher levels of HR conditioning than controls.

HR CRM—Examination of mean change in IBI to the US from baseline on the first 20 trials
of Pretest and Post Test 1 confirmed previous HR CRM research showing that there was little
change from baseline in the rabbit IBI to US intensities below 1 mA (Schreurs et al., 2005).
Consequently, Figure 2 depicts mean change in IBI from baseline to 1- and 2-mA US intensities
collapsed across US durations on Pretest and Post Test 1 for the four groups. The figure shows
that there was a modest decrease in the IBI from baseline to the US on Pretest indicating an
increase in HR and an increase in the IBI from baseline for the cholesterol group on the Post
Test 1 indicating a decrease in HR. This was confirmed by main effects of test (Pretest vs. Post
Test 1), F(1,36) = 7.17, p < .05, and cholesterol, F(1,36) = 5.122, p < .05, and an interaction
of US intensity and test, F(1,36) = 4.81, p < .05. The effects are more clearly illustrated in the
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four panels and inset of Figure 3 in which the average topographies of the change in IBI from
baseline for each group on Pretest (dotted line) and Post Test 1 (solid line) to the 2-mA US
values in Figure 2 are shown as a function of time. In particular, all four panels show that on
Pretest there is a decrease in mean IBI to the US from baseline (HR acceleration). However,
only rabbits in the cholesterol group (top right panel) had a strong initial increase in IBI from
baseline to the US on Post Test 1 indicating strong HR CRM previously reported by Schreurs
et al. (2005). This strong increase in IBI from baseline is illustrated in the inset of Figure 3
which shows the ECG records for a single trial to a 2-mA US on Pretest (top) and Post Test 1
(bottom) for a rabbit in the cholesterol group. There is an unmistakable increase in the IBI
following the US on Post Test 1 (i.e., HR CRM), particularly on the first two heart beats after
the US where the change in IBI is almost double the Pretest and Post Test 1 baseline intervals.
It is interesting to note that this facilitative effect of cholesterol on HR CRM is absent in the
cholesterol + copper group.

Figure 4 depicts the mean change in PQ interval from baseline following US presentation on
Pretest and Post Test 1 at the 1- and 2-mA US intensities collapsed across US duration for
rabbits in the four groups. The figure shows that there was an increase in the PQ interval for
rabbits in the cholesterol group that corresponds to the increase in IBI from baseline seen in
Figure 2. Although there were no overall significant effects of PQ interval as a function of
cholesterol or copper (largest F = 3.88, p < .06), there was a significant difference in PQ interval
between Pretest and Post Test 1 for the cholesterol group (p < .05). We have shown previously
that PQ interval is highly correlated with the strength of HR CRM (Schreurs et al., 2005), and
the present increase in PQ interval for the cholesterol group suggests the strongest HR CRM
occurred in the cholesterol group. We have also shown that CRM is a function of the strength
of conditioning (Schreurs et al., 1995;Seager et al., 2003), and the significant HR CRM and
increased PQ interval provide indirect evidence that the strongest HR conditioning occurred
in the cholesterol group. In fact, the data suggest that the addition of copper to the cholesterol
diet may have weakened the facilitating effect of cholesterol on HR CRM.

In contrast to the data in Figure 3, where a significant difference in IBI from baseline between
Pretest and Post Test 1 is of the order of 60 ms (cholesterol group), examination of mean change
in IBI from baseline between the first 20 trials of Pretest and Post Test 2 revealed that the
largest difference for any group was less than 11 ms (data not shown). This minimal Post Test
2 change in IBI from baseline shows that there was no evidence of HR CRM after the levels
of HR conditioning decreased across the final days of CS-US pairings, and thus lends further
support to other observations that CRM is a function of the strength of conditioning (Schreurs
et al., 1995;Seager et al., 2003).

NMR Conditioning—Figure 5 shows mean percent conditioned NMRs (CRs) to the CS for
rabbits in the four groups during CS-alone Habituation trials on Day 1 and during CS-alone
test trials on Days 1 and 2 and on Days 3-8 following Post Test 1. The figure shows very clear
acquisition of NMR conditioning in all four groups as a function of days with the copper group
showing higher levels of responding than the remaining groups. In fact, the copper group
appears to show higher levels of responding across all phases of the experiment. Analysis of
mean percent CRs during Habituation revealed significant main effects of copper, F(1,36) =
5.72, p < .05, and cholesterol, F(1,36) = 4.64, p < .05, and an interaction of copper and
cholesterol, F(1,36) = 5.71, p < .05. There was a suggestion of a main effect of cholesterol on
Days 1 and 2, F(1,36) = 4.03, p < .06, but no other main effects or interactions, F's < 1. In
contrast, as CS-US pairings continued on Days 3-8, a main effect of cholesterol emerged, F
(1,36) = 4.61, p < .05, as well as an effect of days, F(5,180) = 28.64, p < .001, confirming the
lower level of conditioning in the two cholesterol groups relative to the copper group. Indeed,
there was a main effect of copper on Day 3, F(1,36) = 6.49, p < .05, confirming the higher level
of CR acquisition by rabbits in the copper group.
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NMR CRM—Figure 6 shows averaged NMR topographies and Figure 7 shows average NM
UR frequency, magnitude and magnitude of the area for the four groups on the first 20 trials
of Pretest and on the first 20 trials of Post Test 2 across five US intensities collapsed across
US duration. Examination of the figures shows two main findings. First, NMRs on Pretest were
generally smaller in the cholesterol groups than in the copper and control groups. Second, there
was an increase in the size of responses following eight days of CS-US pairings in the
cholesterol groups suggestive of NMR CRM (Schreurs, 2003) and a decrease in the size of
responses in the copper and control groups particularly at the higher US intensities of 1 and 2
mA. These observations were corroborated by analyses of NM UR magnitude and magnitude
of the UR area. Analysis of UR magnitude yielded a significant main effect of cholesterol, F
(1,36) = 5.81, p <.05, and US intensity, F(4,144) = 206.67, p <.001, as well as interactions of
US intensity and test, F(4,144) = 4.97, p < .01, and cholesterol with US intensity and test, F
(4,144) = 6.77, p < .001. Analysis of magnitude of the UR area yielded significant main effects
of cholesterol, F(1,36) = 7.22, p < .05, copper, F(1,36) = 4.77, p < .05, and US intensity, F
(4,144) = 42.21, p < .001 as well as interactions of US intensity and copper, F(4,144) = 2.80,
p < .05, US intensity and test, F(4, 144) = 3.92, p < .01, and cholesterol with US intensity and
test, F(4, 144) = 3.64, p < .01. Finally, analysis of UR frequency yielded main effects of US
intensity, F(4,144) = 370.76, p < .001, and test (Pretest vs. Post Test 2), F(1,36) = 6.22, p < .
05, and an interaction of US intensity and test, F(4,144) = 2.97, p < .05.

Further examination of Figure 6 shows a significant shift in the topography of NMRs from
Pretest to Post Test 2 across the four groups. At the intermediate US intensities, responses on
Post Test 2 tended to be more complex than responses on Pretest with extension of the NM
continuing well beyond US onset even to the point in time when the US would have occurred
had the US-alone test trial been a paired trial (1,000 ms from stimulus onset, arrow). Analysis
of skew and kurtosis of the averaged responses confirmed the general shift in the topography
from Pretest to Post Test 2 with skew changing from generally positive values on Pretest to
strongly negative values on Post Test 2 (Table 1). For example, although skew values for
responses to US intensities between .25 and 1 mA for the cholesterol group and the control
group in Figure 6 were as high as 20.6 on Pretest, they were uniformly negative on Post Test
2 ranging from -1.7 to -15.8. Kurtosis values were more variable but also showed a clear trend
toward becoming smaller and even negative on Post Test 2. For example, kurtosis values for
the cholesterol and control groups were as high as 29.2 on Pretest but decreased to values as
negative as -3.9 on Post Test 2. In contrast, with the exception of skew at 0.25 mA and 0.1 mA,
skew and kurtosis values for the copper group did not change a great deal from Pretest to Post
Test 2.

Histology—Figure 8 shows mean number and Figure 9 shows representative examples of
beta amyloid immunoreactive (labeled) cells in the cortex, hippocampus, and amygdala of
rabbits for the four groups. Examination of Figure 8 shows the highest overall numbers of beta
amyloid immunoreactive cells were in the cortex with lower numbers in the amygdala and
hippocampus. More importantly, the figure shows a clear difference in the numbers of beta
amyloid labeled cells between the two cholesterol groups and both the copper and control
groups. In addition, there appears to be a marginal increase in the number of beta amyloid
immunoreactive cells in the cholesterol group as a result of adding copper to the drinking water.
Finally, there was no evidence of extracellular plaque-like structures in the cortex,
hippocampus or amygdala.

Analysis of the number of beta amyloid labeled cells revealed main effects of cholesterol, F
(1,37) = 92.63, p < .001, copper, F(1,37) = 13.07, p < .01, and anatomical site F(2,74) = 31.70,
p < .001, as well as an interaction of cholesterol and anatomical site, F(2,74) = 6.91, p < .01.
Tukey LSD post hoc comparisons of the number of labeled cells in the cortex revealed that the
number of labeled cells was higher in the two cholesterol groups than in the copper and control
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groups (p's ≤.001), marginally different between the cholesterol groups (p = .05), and no
different between the copper and control groups (p = .37). The only significant between-group
differences in labeled cells in the hippocampus and amygdala were between the cholesterol +
copper group and the control group (p's < .05).

Discussion
The principal finding of the current experiment was that rabbits fed cholesterol showed
facilitated HR conditioning and HR CRM. There was a suggestion that addition of 0.12 PPM
copper to water given cholesterol-fed rabbits may have attenuated the facilitative effects of
cholesterol on HR CRM. In contrast, although cholesterol did not affect classical conditioning
of the NMR, it did facilitate NMR CRM. The cholesterol diet elevated the number of beta
amyloid immunoreactive neurons in the cortex, hippocampus and amygdala, and the addition
of copper to the cholesterol diet increased the number of beta amyloid immunoreactive neurons
in the cortex still further but did not result in plaque-like structures.

We have previously shown that cholesterol can enhance NMR conditioning and CRM in the
absence of plaque-like structures (Schreurs et al., 2003;Sparks & Schreurs, 2003), and the
present results extend this finding to HR conditioning and HR CRM. Consequently, cholesterol
has been shown to enhance learning and reflex facilitation in two different response systems
– one skeletal and the other autonomic. A recent report has also shown that feeding cholesterol
to young, normal rats improves learning in the Morris water maze (Dufour, Liu, Gusev, Alkon,
& Atzori, 2006). Given that dietary cholesterol does not cross the blood brain barrier in any
appreciable amount (Bjorkhem & Meaney, 2004;Dietschy & Turley, 2001;Dietschy & Turley,
2004;Tuma & Hubbard, 2003), it remains to be determined how heart rate conditioning, which
is controlled in part by the amygdala via the dorsal motor nucleus of the vagus, was increased
as a result of a cholesterol-rich diet. The same would be true for the effects of cholesterol on
rat water maze learning (Dufour et al., 2006) and previous research showing that addition of
cholesterol to the diet of animals deficient in cholesterol or animals that have cholesterol
synthesis blocked reverses learning and memory deficits (Endo, Nishimura, & Kimura,
1996;O'Brien et al., 2002;Voikar, Rauvala, & Ikonen, 2002;Xu et al., 1998).

One possibility is that cholesterol metabolites that can cross the blood brain barrier, particularly
27-hydroxcholesterol, may have had some influence on learning (Heverin et al., 2005). There
is some evidence, albeit indirect, for the involvement of 27-hydroxycholesterol in learning and
memory because levels of this oxysterol are significantly reduced in patients with mild
cognitive impairment, Alzheimer's disease and vascular dementia (Kolsch et al., 2004).
Another possibility is that there are nervous system mechanisms that attempt to compensate
for the deleterious effects of the cholesterol diet on the cardiovascular system (Bocan, 1998).
For example, monkeys show a strong relationship between cholesterol-induced atherosclerosis
and fear-elicited heart rate changes that are mediated at least in part by the sympathetic nervous
system (Manuck, Kaplan, & Clarkson, 1983;Rozanski, Blumenthal, & Kaplan, 1999).

The addition of copper to elevated levels of cholesterol has been shown to increase the number
and density of beta amyloid containing neurons in rabbits, beagles and transgenic mice (Sparks
et al., 2006). Copper has been argued to alter the clearance of beta amyloid from the brain and
may play a role in Alzheimer's disease (Bayer et al., 2006;Bush, Masters, & Tanzi, 2003;Cerpa,
Varela-Nallar, Reyes, Minniti, & Inestrosa, 2005;Maynard, Bush, Masters, Cappai, & Li,
2005;Sparks et al., 2006). In fact, copper was found to be one of the constituents of beta amyloid
plaques (Lovell, Robertson, Teesdale, Campbell, & Markesbery, 1998) and beta amyloid has
been argued to sequester copper in the brain (Robinson & Bishop, 2002). Interestingly, it is
only with the appearance of plaque-like structures that learning is retarded in classical
conditioning of the rabbit NMR. Consequently, the presence of these plaque-like structures
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may be a necessary condition for the cholesterol-fed rabbit to serve as an animal model of
Alzheimer's disease. The conditions required for the formation of plaque-like structures above
and beyond the feeding of cholesterol and copper remain to be determined.

The significant increase in the number of beta amyloid immunoreactive neurons that resulted
from the cholesterol diet suggests a role for intracellular beta amyloid in learning and memory.
Indeed, there is good evidence for the normal function of beta amyloid in cellular processes
(Plant, Boyle, Smith, Peers, & Pearson, 2003) and in fact, beta amyloid modulates potassium
channels (Plant et al., 2005) – an important mediator of many forms of learning and memory
(Giese et al., 1998;Nelson, Schreurs, & Alkon, 1999;Schrader, Anderson, Varga, Levy, &
Sweatt, 2002;Schreurs, Gusev, Tomsic, Alkon, & Shi, 1998). It is certainly possible that by
increasing the level of beta amyloid, the cholesterol diet facilitated HR conditioning by
modulating cellular potassium channels and affecting neuronal excitability – a mechanism
known to be involved in learning and memory (Johnston et al., 2003;Xu & Kang, 2005;Zhang
& Linden, 2003).

On the other hand, there is considerable evidence that beta amyloid is correlated with deficits
in learning and memory. Beta amyloid has been shown to retard learning both in plaque (Chen
et al., 2000;Morgan, 2003;Sparks & Schreurs, 2003) and soluble form (Koistinaho et al.,
2001). Triple knockout transgenic mice that develop beta amyloid plaques, neurofibrillary
tangles and tau protein pathology show age-related deficits in spatial learning in the Morris
water maze that correlate with accumulation of intraneuronal beta amyloid prior to the
appearance of beta amyloid plaques or tangle pathology (Billings, Oddo, Green, McGaugh, &
LeFerla, 2005). Ewers and colleagues have reported that in an amyloid precursor protein
+presenilin1 double knockout mice, the level of eyeblink conditioning using an electrodermal
US was no different from controls, but was inversely related to the beta amyloid burden (Ewers,
Morgan, Gordon, & Woodruff-Pak, 2005).

The previously described facilitation of rabbit NMR conditioning as a result of a cholesterol
diet occurred in a trace conditioning paradigm in which a 100-ms tone was presented 800 ms
before an air puff US. The conditioning procedures used in the current experiment were
somewhat different in that they involved a 100-ms tone presented 1,000 ms before an
electrodermal US. In addition, there were 30 CS-alone habituation trials before the CS-US
pairings – conditions designed to maximize the likelihood of observing HR conditioning but
also known to yield only modest levels of NMR conditioning (Powell & Kazis,
1976;Schneiderman, 1972;Schreurs et al., 2005). The slow rate and less than maximal levels
of NMR conditioning in the current experiment are the result of these suboptimal NMR
conditioning parameters (Kehoe & Macrae, 2002) as well as a complex procedure involving
additional CS-alone (Habituation and test trials) and US-alone (Post Test 1) trials. In fact, when
electrodermal stimulation was used as the US in the Schreurs et al. (2003) study, there were
also no differences in the rate or level of NMR conditioning between cholesterol-fed rabbits
and controls. Nevertheless, cholesterol did seem to have facilitated NMR CRM in the present
experiment. This is a finding of some interest because of the more modest levels of conditioning
in the present experiment – levels that might not otherwise have yielded CRM (Schreurs et al.,
1995;Seager et al., 2003).

A surprising finding in the NMR conditioning data was the significantly higher levels of
conditioning that occurred in the copper group. This was certainly not the case with HR
conditioning. Given the low but still significantly higher level of NMRs to the tone during
habituation, it is possible that there may have been a nonassociative effect of copper when
added to the drinking water. There is some precedent for other compounds having
nonassociative effects on the rabbit NMR including 4-aminopyridine that was found to increase
sensitivity to tone and air puff (Wang, Darwish, & Schreurs, 2006) and a serotonin antagonist
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that was found to reduce sensitivity to air puff (Welsh, Romano, & Harvey, 1998). The only
animal model of altered copper levels in the brain is the Long-Evans Cinnamon rat that shares
many of the pathological and biological characteristics of Wilson's disease, a genetic disorder
of copper metabolism in which copper accumulates in the body. These rats show significantly
elevated levels of locomotor activity and decreased habituation to startle consistent with the
present results (Fujiwara et al., 2006).
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Figure 1.
Mean (± SEM) change in interbeat interval (IBI) to the conditioned stimulus (CS) from the
average pre-stimulus baseline IBI for rabbits in the cholesterol + copper, cholesterol, copper
and control groups during CS-alone Habituation trials on Day 1 and during CS-alone test trials
on Days 1 and 2 and on Days 3-8 following Post Test 1. Baseline IBIs are derived from the
electrocardiogram (ECG) recorded 2,000 ms before CS-onset and IBIs to the CS are derived
from the ECG recorded for 2,000 ms after CS onset.
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Figure 2.
Mean (± SEM) change in interbeat interval (IBI) from the average pre-stimulus baseline IBI
to the 1- and 2-mA unconditioned stimulus (US) values on the first twenty trials of Pretest and
the first twenty trials of Post Test 1 for the cholesterol + copper, cholesterol, copper and control
groups. Baseline IBIs are derived from the electrocardiogram (ECG) recorded 2,000 ms before
US-onset and IBIs to the US are derived from the ECG recorded for 2,000 ms after US onset.
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Figure 3.
Average topographies of the change in interbeat interval (IBI) from the pre-stimulus baseline
IBI for the cholesterol + copper, cholesterol, copper and control groups on Pretest (dotted line)
and Post Test 1 (solid line) to the 2-mA unconditioned stimulus (US) values in Figure 2 are
shown as a function time. The inset shows ECG records for a single trial to a 2-mA US on
Pretest (top) and Post Test 1 (bottom) for a rabbit in the cholesterol group.

Schreurs et al. Page 17

Behav Brain Res. Author manuscript; available in PMC 2008 July 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Mean change in PQ interval from the pres-stimulus baseline PQ interval following
unconditioned stimulus (US) presentation for the first twenty trials of Pretest and Post Test 1
at the 1- and 2-mA US intensities collapsed across US duration for rabbits in the cholesterol
+ copper, cholesterol, copper and control groups. PQ intervals are derived from the PQRST
waveforms in the electrocardiogram recorded from 2,000 ms before US-onset to 2,000 ms after
US onset.
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Figure 5.
Mean percent conditioned nictitating membrane responding (CRs) to the conditioned stimulus
(CS) for rabbits in the cholesterol + copper, cholesterol, copper and control groups during CS-
alone Habituation trials on Day 1 and during CS-alone test trials on Days 1 and 2 and on Days
3-8 following the Post Test 1. Nictitating membrane responding was recorded over a 2,000-
ms interval comprised of a 200-ms pre-stimulus baseline and a 1,800-ms interval after CS-
onset.
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Figures 6.
Average nictitating membrane response (NMR) topographies for the cholesterol + copper,
cholesterol, copper and control groups on the first 20 trials of Pretest and on the first 20 trials
of Post Test 2 across five unconditioned stimulus (US) intensities collapsed across US duration.
The point in time when the US would have occurred had the US-alone test trial been a paired
trial (1,000 ms from stimulus onset) is shown by the arrows. Nictitating membrane responding
was recorded over a 2,000-ms interval comprised of a 200-ms pre-stimulus baseline and a
1,800-ms interval after US-onset.
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Figure 7.
Average unconditioned nictitating membrane response (UR) frequency, magnitude and
magnitude of the UR area on the first 20 trials of Pretest and on the first 20 trials of Post Test
2 across five unconditioned stimulus (US) intensities collapsed across US duration for the
cholesterol + copper, cholesterol, copper and control groups. Nictitating membrane responding
was recorded over a 2,000-ms interval comprised of a 200-ms pre-stimulus baseline and a
1,800-ms interval after US-onset.
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Figure 8.
Mean number beta amyloid immunoreactive (labeled) cells in the cortex, hippocampus (HIPP),
and amygdala (AMYG) of rabbits from the cholesterol + copper, cholesterol, copper and
control groups. The numbers were based on an average of at least four separate counts of the
number of cells in a 0.5 × 0.5 mm square grid. The cells were counted by an investigator (G.S.)
who was blind to the treatment of the rabbits.
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Figure 9.
Low power photomicrographs of representative beta amyloid immunoreactive (labeled) cells
in the cortex of a rabbit from the cholesterol + copper, cholesterol, copper and control groups.
Each photomicrograph is 0.5 × 0.5 mm and depicts the size of the grid used to count the number
of immunoreactive cells shown in Figure 8.
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