9534 - The Journal of Neuroscience, July 29, 2009 - 29(30):9534 —9544

Behavioral/Systems/Cognitive

L-Type Voltage-Dependent Calcium Channel Antagonists
Impair Perirhinal Long-Term Recognition Memory and
Plasticity Processes

Ana Seoane, Peter V. Massey, Hannah Keen, Zafar I. Bashir, and Malcolm W. Brown
Medical Research Council Centre for Synaptic Plasticity, Department of Anatomy, University of Bristol, Bristol BS8 1TD, United Kingdom

The perirhinal cortex of the temporal lobe is essential for the familiarity discrimination component of recognition memory. In view of the
importance of changes in calcium ion concentration for synaptic plasticity, the present study examined the effects of L-type voltage-
dependent calcium channel (VDCC) antagonism on rat perirhinal-based familiarity discrimination processes and plasticity including
long-term depression (LTD), long-term potentiation (LTP), and depotentiation. Single doses of three different types of L-type VDCC
antagonists, verapamil, diltiazem, and nifedipine, administered systemically, or verapamil administered locally into the perirhinal
cortex, impaired acquisition of long-term (24 h) but not shorter-term (20 min) recognition memory. L-type VDCC antagonism also
disrupted memory retrieval after 24 h but not 20 min. Differential neuronal activation produced by viewing novel or familiar visual
stimuli was measured by Fos expression. L-type VDCC antagonism by verapamil in perirhinal cortex during memory acquisition dis-
rupted the normal pattern of differential Fos expression, so paralleling the antagonist-induced memory impairment. In slices of perirhi-
nal cortex maintained in vitro, verapamil was without effect on baseline excitability or LTP but blocked LTD and depotentiation. The
consistency of effects across the behavioral and cellular levels of analysis provides strong evidence for the involvement of perirhinal

L-type VDCCs in long-term recognition memory processes.

Introduction

The perirhinal cortex (PRH) of the temporal lobe is essential for
the familiarity discrimination component of recognition mem-
ory (Brown and Aggleton, 2001). It has become a valuable region
for studying the neural substrates of memory (Warburton et al.,
2003, 2005; Hannesson et al., 2004, 2005; Winters and Bussey,
2005a,b; Barker at al., 2006a,b, 2007; Winters et al., 2006, 2008;
Barker and Warburton, 2008). Experience-dependent synaptic
modifications underlying memory are believed to share mecha-
nisms with synaptic plasticity processes such as long-term poten-
tiation (LTP) and long-term depression (LTD) (Bliss and
Collingridge, 1993; Martin et al., 2000). Such synaptic plasticity is
dependent on changes in the concentration of intracellular cal-
cium ions (Chittajallu et al., 1998; Cho et al., 2001; Franks and
Sejnowski, 2002). Previous work established roles for glutamater-
gic, including NMDA receptors in perirhinal plasticity and rec-
ognition memory processes (Ziakopoulos et al., 1999; Cho et al.,
2000; Winters and Bussey, 2005b; Barker et al., 2006a,b; Voglis
and Tavernarakis, 2006; Barker and Warburton, 2008). The role
of NMDA receptors was investigated because their activation re-
sults in changes in the concentration of intracellular calcium ions
and consequent synaptic plasticity (Bliss and Collingridge, 1993;
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Chittajallu et al., 1998; Franks and Sejnowski, 2002; West et al.,
2002; Voglis and Tavernarakis, 2006). L-type voltage-dependent
calcium channels (VDCCs) are also major sites for calcium ion
entry into neurones (Chittajallu et al., 1998; West et al., 2002;
Voglis and Tavernarakis, 2006), but their role in recognition
memory and perirhinal synaptic plasticity remains to be
elucidated.

L-type VDCCs are involved in both LTP and LTD in the hip-
pocampus and amygdala (Grover and Teyler, 1990; Bolshakov
and Siegelbaum, 1994; Morgan and Teyler, 1999; Freir and Her-
ron, 2003; Niikura et al., 2004; Voglis and Tavernarakis, 2006;
Tchekalarova and Albrecht, 2007) and their transient inactiva-
tion impairs fear conditioning, passive avoidance learning, and
spatial memory (Borroni et al., 2000; Bauer et al., 2002; Woodside
et al., 2004; Lashgari et al., 2006). It was therefore important to
test whether L-type VDCCs played a similar role in perirhinal
plasticity and recognition memory.

To test for a role in PRH memory, the effects of L-type VDCC
antagonists on familiarity discrimination acquisition and re-
trieval processes were determined using a novel object preference
task (Ennaceur and Delacour, 1988). To test for a role in plastic-
ity, the effects of L-type VDCC antagonism on LTP, LTD, and
depotentiation were determined in slices of adult PRH. Addition-
ally, to test an additional link between L-type VDCC activation
and PRH memory processes, the effects of L-type VDCC antag-
onism on neuronal activation produced by viewing novel and
familiar stimuli were assessed. Many PRH neurones respond
strongly to novel but only weakly to familiar stimuli (Brown and
Xiang, 1998; Brown and Aggleton, 2001): we imaged this differ-
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ential neuronal activation using Fos expression (Sheng and
Greenberg, 1990; Zhu et al., 1995, 1996; Wan et al., 1999).

As a check for specificity of action, we tested the effects on
memory of an exemplar of each of the three main types of L-type
VDCC antagonists—phenylalkylamines (e.g., verapamil), ben-
zothiazepines (e.g., diltiazem), and dihydropyridines (e.g., nifed-
ipine)—as they have different chemical structures and bind at
different sites on the channels (Striessnig et al., 1990, 1991; Na-
kayama et al., 1991; Nakayama and Kuniyasu, 1996; Hockerman
et al., 2000).

Materials and Methods

Animals and drugs

Adult male pigmented Dark Agouti rats (220—250 g; Bantin and King-
man) were maintained on a 14 hlight/10 h dark cycle, with the dark phase
during normal daylight. Rats with implanted cannulae were housed in
pairs, and others in groups of four. All rats had 24 h access to food and
water, except those used for the paired-viewing test when water was
restricted to 2 h a day for a maximum of 6 consecutive days. All experi-
ments were performed in accordance with the United Kingdom Animals
Scientific Procedures Act (1986) and had the approval of the University
of Bristol Ethical Review Committee.

In in vivo experiments, () verapamil hydrochloride (Sigma-Aldrich)
was administered intraperitoneally at a solution strength of 10 mg/ml in
a solution volume of 1 ml of normal saline per kilogram of rat weight
(n = 12 for object recognition test), or infused locally into the PRH
through bilaterally implanted cannulae at 4 ug/side in 1 pl of normal
saline (n = 9 for object recognition test and n = 7 for paired-viewing
test). (+)-cis-Diltiazem hydrochloride (Sigma-Aldrich) and nifedipine
(Sigma-Aldrich) were administered intraperitoneally at 10 mg/ml in 1
ml/kg normal saline for the former and in 1 ml/kg polyethylene glycol
(PEG) (molecular weight 400; Sigma-Aldrich) for the latter (n = 12 for
object recognition test).

Cannula implantation into PRH

Cannula implantation was performed in rats deeply anesthetized with
isoflurane (Merial Animal Health) and placed in a stereotaxic frame in
which the skull was maintained in a flat position (the height difference
between bregma and lambda was <0.1 mm). Two stainless-steel guide
cannulae (26 gauge; Plastics One; via Semat) were implanted through
holes in the skull, at an angle of 20° to the vertical and according to the
following coordinates (relative to bregma): anteroposterior, —5.6 mm;
lateral, +4.5 mm; and ventral, —6.7 mm (relative to the skull surface)
(Paxinos and Watson, 1998). The guide cannulae were anchored to the
skull with two stainless-steel screws, Epoxy resin (Araldite; Bostik), and
dental cement (CMW1 Radiopaque with gentamycin; DePuy Interna-
tional). Cannulae were protected with dummy inserts (Plastics One)
except at the time of the infusion. The rats were allowed to recover for at
least 20 d before the experiment began. The infusion of verapamil or
saline bilaterally into the PRH through a cannula in each hemisphere was
performed by inserting a 33 gauge cannula (Plastics One), which pro-
truded 1 mm beyond the guide cannula tip. Each infusion cannula was
attached to a Hamilton syringe (Hamilton Bonaduz) via PVC (polyvi-
nylchloride) tubing (Barloworld Scientific). The syringe was advanced
with an infusion pump (Harvard Bioscience) at a rate of 0.5 wl/min for 2
min, and 5 min later the injection cannulae were withdrawn.

Novel object preference task

Procedure. The methodology of the novel object preference test has been
described in detail in previous studies (Warburton et al., 2003; Barker et
al., 2006a,b, 2007). In brief, this task took place in an arena (50 X 90 X
100 cm) surrounded with black curtains and with sawdust on the floor.
The rat’s behavior was monitored using a camera and a video recorder.
The objects were made of Duplo bricks (Lego Produktion) or were junk
objects, and varied in size (range, 10 X 5 X 15t0 20 X 20 X 30 cm), color,
and shape, and were placed near the two corners at either end of one side
of the arena (15 cm from each adjacent wall). Before the start of memory
testing, each rat was habituated to the empty arena for 5 min daily for 4 d.
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The novel object preference test comprised two phases, acquisition
and test, separated by a delay of 20 min or 24 h. In the acquisition phase,
an animal was allowed to explore two identical objects for 40 s of explo-
ration or a maximum of 4 min spent in the arena. In the test phase, the rat
was allowed to explore an identical third copy of the object explored in
the acquisition phase and a novel object for 3 min from the start of the
objects’ exploration. In both acquisition and test phases, the time spent
exploring each of the objects was recorded. Exploration was considered
only when the animal’s nose was directed toward the object at a distance
of <1 cm. If the time of exploration was <15 s in the acquisition phase or
<10 sin the test phase, the animal was discarded from the analysis of that
experiment. The objects used as novel or familiar, and their position in
the arena, were counterbalanced between animals in a group, and be-
tween control and drug-treated animals. The experimenter was blind as
to the treatment of each animal.

Experimental design. Animals were administered drug or vehicle intra-
peritoneally or locally into the PRH through the bilaterally implanted
cannulae. To evaluate shorter-term and long-term memory, delays be-
tween acquisition and test phases of 20 min and 24 h were used. To assess
the effects on acquisition, the drug or its vehicle was administered 1 h
before the acquisition phase. To study the effects on long-term memory
retrieval, the drug or its vehicle was administered 1 h before the test
phase, with the 24 h delay period. To evaluate whether a drug effect was
state dependent, administration was both 1 h before the acquisition
phase and 1 h before the test phase, with the 24 h delay period.

Each experiment was performed in a counterbalanced crossed-over
design: thus, rats treated with the drug in one experimental trial were
administered the vehicle on the following trial, and vice versa. The ani-
mals were allowed to rest between experimental trials for at least 1 week
to ensure the drug or vehicle had cleared from the animal’s body.

Histology

Cannula locations were checked to confirm that infusions were in PRH;
rats were anesthetized with Euthatal and perfusion fixed with 4% para-
formaldehyde in 0.1 M phosphate buffer, pH 7.4. The brain was removed
and immersed in the same fixative for at least 24 h before being trans-
ferred to 30% sucrose in 0.1 M phosphate buffer for at least 2 d. The right
hemisphere of the brain was marked with an incision before being sec-
tioned (40 um) coronally on a cryostat and stained with cresyl violet. All
animals had the tips of their cannulae within the PRH from bregma —5.5
to —4.5 (Paxinos and Watson, 1998; Shi and Cassell, 1999) (Fig. 1A).

Paired-viewing test
Procedure. The paired-viewing procedure is designed to allow measure-
ment of differential neuronal activation produced by novel and familiar
visual stimuli. The methodology has been described in detail in previous
studies (Zhu et al., 1995, 1996; Warburton et al., 2003). In brief, each rat,
lured by the availability of juice, viewed two pictures presented simulta-
neously on video monitors positioned so that each picture was seen only
within the monocular visual field of one eye (Fig. 1B). The visual infor-
mation was therefore chiefly processed by the opposite cerebral hemi-
sphere, making possible the comparison of within rat differences in
activation between the two hemispheres. Across 6 d, the rat was repeat-
edly shown a “repeat set” of pictures together with sets of novel pictures;
30 pictures were shown to each eye in the morning and 30 in the after-
noon. This period of training familiarized the rat with the whole proce-
dure, including the occurrence of new pictures, and in nontreated rats
allows the repeatedly shown pictures to become familiar. At the end of
the sixth day, both eyes had had equal exposure to the pictures of the
repeat set and to novel pictures. On the seventh day, 24 h after the pre-
vious viewing of the repeat set (i.e., the memory delay was 24 h), this set
was seen again by one eye, while the other eye viewed an additional set of
30 novel pictures (the “novel set”). Which set of pictures was used as the
novel and which as the repeat set, and which eye was exposed to novel and
which to the repeat pictures were counterbalanced across rats.
Experimental design. Drugs, verapamil (n = 7) or saline (n = 8), were
infused via cannulae implanted bilaterally into the PRH. One rat from
the verapamil-treated group died before completion of the experiment.
Four rats in each group were the same as those used in the object recog-
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Figure 1. Procedures. A, The location of cannula tips, as observed in cresyl violet-stained
sections, for all implanted animals used in object recognition test (n = 9) and paired-viewing
test (n = 15) fell within the dotted outlined area, which was located within the PRH from
bregma —5.5 to —4.5. HPC, Hippocampus. B, Paired-viewing apparatus: a rat, lured by the
availability of juice, places its head in a hole in a Perspex barrier. By using a central partition,
each eye can see the picture only on the computer monitor on that side. Pictures were presented
simultaneously on both monitors. C, Fos-labeled cell counting was performed in rectangular
areas (shown in gray) from four sections from bregma —5.5 to — 6.0 in the following regions:
PRH, Te2, ENT, and AU (Paxinos and Watson, 1998; Shi and Cassell, 1999).

nition experiments; the remainder were naive. Saline or verapamil was
infused 1 h before both morning and afternoon sessions of exposure to
pictures on the first 6 d so as to block (verapamil group) or not (saline
group) the acquisition of familiarity for the repeat set. No infusions were
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made on the seventh day, so the final critical comparison was made in the
absence of verapamil (or saline), 24 h after the previous showing of the
repeat set (i.e., at a memory delay of 24 h).

Fos immunohistochemistry. Each rat was anesthetized with Euthatal
(Merial Animal Health) and perfusion fixed with 4% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.4, 1.5 h after the final sets of pictures were
presented. The brain was removed and postfixed in the same fixative for
at least 24 h before being immersed in 30% sucrose in 0.1 M phosphate
bulffer for at least 2 d. The right hemisphere of the brain was marked with
an incision before being sectioned (40 wm) coronally on a cryostat. Two
series of floating sections were collected. The first series was stained with
cresyl violet to determine the location of the cannula tracks. For all rats,
the infusion sites were within the PRH (Fig. 1 A). The second series were
immunohistochemically processed for Fos. The sections were washed in
0.1 M phosphate buffer saline containing 0.2% Triton X-100 (PBST), pH
7.4, immersed in 0.3% hydrogen peroxidase for 20 min, and washed
again before being incubated with primary Fos antibody [anti-c-Fos
(Ab-5) rabbit pAb; Calbiochem] diluted 1:5000 in PBST for 48 h at 4°C.
After washes with PBST, the sections were incubated with secondary
antibody (biotinylated anti-rabbit IgG; BA-1000; Vector Laboratories)
diluted 1:200 in PBST with 1.5% of normal goat serum for 2 h at room
temperature. After several washes, sections were processed with avidin-
biotinylated horseradish peroxidase complex (Vectastain ABC kit;
Vector Laboratories) in PBST for 1 h at room temperature, and the
reaction was visualized using 3,3'-diaminobenzidine (SigmaFast;
Sigma-Aldrich).

Fos counting. The Fos-labeled cells were counted using an automated
image analysis system using in-house software that counted round or
oval objects with at least 10 wm of diameter (CellCountMainv.3.1; J.
Leendertz; University of Bristol, Bristol, UK). All processing was blind as
to the treatment of each animal. Cell counts were obtained in both hemi-
spheres for rectangular areas (0.94 X 0.67 mm) from four sections from
bregma —5.5 to —6.0 (sections caudal to the cannula track, which was
found approximately from bregma —5.5 to —4.5). The rectangular area
included all cortical layers. Stereological corrections were not used as
relative changes were all that were sought. The regions in which counting
was performed were the PRH, temporal visual association cortex (here
termed Te2), entorhinal cortex (ENT), and auditory cortex (AU) (Paxi-
nos and Watson, 1998; Shi and Cassell, 1999) (Fig. 1C).

In vitro electrophysiology

Animals were anesthetized with an isoflurane/oxygen mixture and de-
capitated, and the brain was rapidly removed. The brain was placed in
ice-cold artificial CSF (aCSF) (bubbled with 95% 0,/5% CO,) which
comprised the following (in mwm): 124 NaCl, 3 KCI, 26 NaHCO;, 1.25
NaH,PO,, 2 CaCl,, 1 MgSO,, 10 p-glucose. A midsagittal section was
made, the rostral and caudal parts of the brain were removed by single
scalpel cuts at ~45° to the dorsoventral axis, and each hemisphere glued
by its caudal end to a vibroslice stage (Campden Instruments). Slices (400
wm) of PRH were taken in the region 4 mm behind bregma. Slices were
stored submerged in aCSF (20-25°C) for 1-6 h before transferring to the
recording chamber. A single slice was placed in a submerged recording
chamber (28-30°C; flow rate, ~2 ml/min) when required.

Standard in vitro extracellular field recordings were made from the
PRH (Ziakopoulos et al., 1999; Massey et al., 2004). Evoked field EPSPs
(fEPSPs) were recorded from layers II/IIT from directly below the rhinal
sulcus (area 35). Two stimulating electrodes were placed on both sides
(~0.5 mm) of the recording electrode and designated entorhinal input
(area 35) and temporal input (area 36). Stimuli (constant voltage) were
delivered alternately to the two stimulating electrodes (each electrode,
0.033 Hz). fEPSPs were reduced to 60-70% of maximum amplitude and
a baseline of synaptic transmission established before induction of syn-
aptic plasticity. After establishing a baseline for at least 30 min, high-
frequency stimulation (HFS) (four trains, each of 100 Hz, 1 s, every 30 s)
was delivered to induce LTP. Subsequently, to induce depotentiation,
low-frequency stimulation (LFS) (900 stimuli, 1 Hz, 15 min) was applied
60 min after LTP induction. To induce de novo synaptic LTD, LFS (3000
stimuli, 5 Hz, 10 min) was delivered (Massey et al., 2004). fEPSPs were
monitored and reanalyzed off-line using the acquisition and analysis
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software WinLTP (Anderson and Collingridge, 2007). The peak ampli-
tude of evoked fEPSPs was measured and expressed relative to the pre-
conditioning baseline. LTP, LTD, and depotentiation were measured at
60 min after conditioning. The pathway in which plasticity was induced
was randomly allocated; on some occasions, it was the entorhinal, and on
others, the temporal input.

To investigate the effect of VDCCs on synaptic plasticity, 20 uM vera-
pamil was added to the perfusate and allowed to wash on for 30 min
before, during, and 10 min after high- or low-frequency stimulation. To
investigate the effect of VDCCs on LTD expression, 20 uM verapamil was
added to the perfusate 60 min after induction of LTD.

Statistical analysis

Novel object preference test. The discrimination ratio (DR) was calculated
as the time in the test phase spent exploring the novel object minus that
spent exploring the previously experienced object divided by the total
exploration time. The total exploration time was also calculated for both
the acquisition and test phases. If the time of exploration was <15 s in the
acquisition phase or <10 s in the test phase, the animal was discarded
from the analysis of that experiment. Comparisons between treatment
groups were analyzed by within-subject ANOVAs. One-sample ¢ tests
were used to determine whether the DR for each group was significantly
different from zero, as zero corresponds to a lack of discrimination be-
tween novel and familiar objects. All tests used a significance level of p =
0.05 and were two-tailed.

Fos-labeled cell counts. Each count was normalized by dividing it by the
mean of all the counts for that area across both hemispheres for each rat.
The normalized and absolute (non-normalized) counts were analyzed by
ANOVA with repeat measures, with the factor treatment (saline or vera-
pamil) being measured between subjects, and the factors novelty/famil-
iarity and area (PRH, Te2, AU, and ENT) being measured within
subjects.

In vitro electrophysiology. Data were analyzed from one slice per rat (n,
number of rats). Data pooled across slices are expressed as the mean *+
SEM. LTP and LTD were compared with baseline, and depotentiation
was compared with preestablished LTP. Data comparisons were made
using two-tailed ¢ tests.

Results

Familiarity discrimination

Preferential exploration of a novel rather than a familiar object
was used to determine the effects of antagonists of L-type VDCCs
on recognition memory.

Experiment 1: systemic administration of verapamil
Verapamil administered 1 h before acquisition caused an impair-
ment in familiarity discrimination when the memory delay was
24 h, but not when it was 20 min (Fig. 2A). With a 20 min delay,
both saline- and verapamil-treated rats spent a significantly
greater proportion of time exploring the novel rather than the
familiar object (DR > 0: saline: ¢, = 2.65, p = 0.03; verapamil:
t;y = 8.04, p < 0.001). In contrast, with a 24 h delay, the
verapamil-treated rats were significantly impaired compared
with the saline group (F(, ;;, = 10.2; p = 0.009); the verapamil
group failed to discriminate the familiarity of objects, whereas the
saline group did discriminate (verapamil: DR ~ 0, £,;, < 1,p >
0.1; saline: DR > 0, t;,, = 3.91, p = 0.002).

The above results establish that there was no impairment after
a delay of 20 min (when verapamil was active during both acqui-
sition and retrieval) but there was impairment after a delay of 24 h
(when the drug was active during acquisition but not during
retrieval). Test was therefore made of whether the impairment
with a 24 h delay was attributable to the drug state being different
during both acquisition and retrieval (i.e., the amnesia was state
dependent) (Colpaert, 1990). Verapamil was administered both
1 h before acquisition and 1 h before the recognition memory test
with a 24 h delay. The rats were still unable to discriminate be-

J. Neurosci., July 29, 2009 - 29(30):9534 9544 « 9537

>

0.7-
0.6- 0
0.5-
0.44 2
0.3-
0.2- 0
0.1-
R 0.0 ,

-0.14

-0.2-

R (mean + SEM)

S o~

S S

QS
] [ Jsaline

Il verapamil

*

0 0
| (|ir_‘
#E ~N
S
(\? &~

g
&N

o~

* %k

0.5-
0.4-

0.3-

= =
S -
1

DR (mean + SEM)
S
b

-0.1-
-0.2-

5

Figure2. Effects of verapamil on familiarity discrimination. 4, Systemic verapamil produced
impairment of long-term memory (24 h delay; n = 12), but not of shorter-term memory (20
min delay; n = 8). B, Local infusion of verapamil into PRH (n = 9) caused impairment of
long-term memory (24 h delay) and in retrieval memory (24 h delay), but not of shorter-term
memory (20 min delay). DR, Discrimination ratio (difference in time exploring the novel and
familiar objects divided by the total exploration time in the test phase). Within-subject ANOVA
treatment difference: *p << 0.05,**p << 0.01. One-sample t test of DR value against zero: %p <
0.05. Error bars indicate SEM.

tween the familiarity of objects (DR = 0.06 * 0.14; DR ~ 0, £,
< 1,p>0.1), indicating that the memory impairment at 24 h was
not drug state dependent.

Experiment 2: local infusion of verapamil into PRH

To determine whether the critical region for action of the drug
could be localized, verapamil was infused bilaterally via cannulae
implanted in PRH. With such infusion, familiarity discrimina-
tion was again impaired with a 24 h but not a 20 min delay.
Additionally, it was found that, with a 24 h delay, verapamil im-
paired retrieval (Fig. 2 B). With the 20 min delay, both saline- and
verapamil-treated animals discriminated between novel and fa-
miliar objects (DR > 0: saline: # (4 = 2.51, p = 0.04; verapamil: ¢4,
= 2.42, p = 0.04). With the 24 h delay, the verapamil group
differed from the saline group (F(, g = 9.25; p = 0.02) when
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Figure 3.  Effects of diltiazem and nifedipine in familiarity discrimination. 4, Systemic dilti-

azem (n = 12) caused impairment of long-term memory (24 h delay) and of retrieval memory
(24 h delay), but not of shorter-term memory (20 min delay). B, Systemic nifedipine caused
impairment of long-term memory (24 h delay; n = 9) but not of shorter-term memory (20 min
delay; n = 10). In the test of retrieval (24 h delay; n = 9), the nifedipine group did not
discriminate, but did not differ significantly from the control group (which did discriminate).
Within-subject ANOVA, *p << 0.05, ***p << 0.001. One-sample ¢ test against zero, °p << 0.05.
Error bars indicate SEM.

infusion was before acquisition. When infusion was before test
rather than before acquisition, the verapamil group were again
impaired compared with controls when the memory delay was
24 h (F(; gy = 11.0; p = 0.01). With the 24 h delay, control rats
discriminated whether saline was given before acquisition or be-
fore test (DR > 0: acquisition: ¢4y = 3.36, p = 0.01; retrieval: ¢4,
= 2.86, p = 0.02), whereas the verapamil group did not (DR ~ 0
in each case).

Experiment 3: systemic administration of diltiazem

To determine whether the impairments seen with verapamil (a
phenylalkylamine) generalized to benzothiazepine VDCC antag-
onists, familiarity discrimination was tested after systemic ad-
ministration of diltiazem. The same pattern of impairment was
found: with a 24 h memory delay, diltiazem produced impair-
ment when active during acquisition or test, but memory was
normal with a 20 min delay (Fig. 3A). With a 20 min delay, both
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saline- and diltiazem-treated rats preferred the novel object
(DR > 0; saline: t(;,, = 2.97, p = 0.01; diltiazem: ¢,,) = 4.88,p <
0.001). With a 24 h delay, the diltiazem group was impaired com-
pared with the saline group whether administration was before
acquisition (F, ;,, = 6.88; p = 0.02) or before test (F(, ;) = 6.06;
p = 0.03). In neither case did the diltiazem group show discrim-
ination (DR ~ 0); however, the saline group discriminated
(DR > 0; acquisition: £(;,, = 2.98, p = 0.01; retrieval: £, , = 4.04,
p = 0.002).

Experiment 4: systemic administration of nifedipine

To determine whether the impairments seen above generalized to
dihydropyridine VDCC antagonists, recognition memory was
tested after systemic administration of nifedipine. A similar pat-
tern of impairment was again found (Fig. 3B). With the 20 min
delay, both vehicle- and nifedipine-treated rats preferred the
novel object (DR > 0; vehicle: t,,) = 2.97, p = 0.01; nifedipine:
tqy = 4.88, p < 0.001). In contrast, with the 24 h delay, the
nifedipine group was impaired compared with controls (F, 4 =
25.62; p < 0.001); the nifedipine group did not discriminate
(DR ~ 0), whereas the controls did (DR > 0; g = 5.09, p =
0.001). When administration was before the memory test for the
24 h delay, the nifedipine-treated rats did not show significant
discrimination (DR ~ 0), unlike the controls (DR > 0; t) =
4.52, p = 0.001); however, the difference between the two groups
did not reach significance (F, 5y = 2.04; p = 0.2). Accordingly,
the effect of nifedipine on retrieval was equivocal.

To investigate whether there was a difference in the effects of
the different VDCC antagonists on retrieval, the results for the
different drugs were compared. No significant difference in im-
pairments was found: the interaction between treatment (drug or
saline) and experiment (type of VDCC antagonist) was not sig-
nificant (F(,,,) < 15 p > 0.1), in contrast, the treatment-related
impairment across the different drugs was highly significant
(F127) = 1529 p = 0.001).

Time of exploration in object recognition test

In all of these object recognition experiments, the times of explo-
ration in both acquisition and test phases were recorded to con-
firm that the familiarity discrimination impairments observed
could not be ascribed to changes in overall exploration (Tables
1-4). There were no significant differences between drug and
vehicle groups in the time spent exploring, with the exception of
one case. In the acquisition phase with a 24 h memory delay,
nifedipine-treated rats explored the objects for significantly
longer than vehicle-treated animals (F(, 5 = 6.92; p = 0.03).
Despite this potential advantage, the nifedipine-treated rats
showed impaired familiarity discrimination. Overall, there was
thus no consistent evidence that the memory impairments were
attributable to problems with general exploration.

Differential Fos expression

The different neuronal activations produced by novel and famil-
iar pictures were imaged using immunohistochemistry for Fos.
The activations were compared between hemispheres after a rat
had viewed novel pictures with one eye and familiar pictures with
the other eye using the paired-viewing procedure. In normal rats,
the hemisphere primarily processing novel information (“novel
hemisphere”) has higher Fos counts in PRH and Te2 than that
primarily processing familiar information (“familiar hemi-
sphere”) (Zhu et al., 1996; Wan et al., 1999). Verapamil was in-
fused locally into PRH on each day so as to block acquisition
while the animals were repeatedly shown pictures. No drug was
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Table 1. Exploration time in acquisition and test phases (novel object preference task): systemic verapamil

20 min delay 24 h delay
Saline Verapamil Saline Verapamil

Acquisition 271 +28 29215 363 +39 324+37
Test 289 42 292+ 21 294+ 24 29.7 = 2.6
Data are in seconds (mean = SEM).
Table 2. Exploration time in acquisition and test phases (novel object preference task): verapamil via cannula

20 min delay 24 h delay Retrieval (24 h)

Saline Verapamil Saline Verapamil Saline Verapamil
Acquisition 244+ 23 233*+13 217 =20 198 £13 253+ 21 271 =27
Test 313£38 311 £43 209 £ 21 231£18 240+ 27 274+34
Data are in seconds (mean = SEM).
Table 3. Exploration time in acquisition and test phases (novel object preference task): systemic diltiazem

20 min delay 24 h delay Retrieval (24 h)

Saline Diltiazem Saline Diltiazem Saline Diltiazem
Acquisition 319+ 25 382+ 1.1 343 =17 368 =14 33820 37511
Test 352+32 358 £49 384 £20 291£15 371+39 455 £ 44
Data are in seconds (mean == SEM).
Table 4. Exploration time in acquisition and test phases (novel object preference task): systemic nifedipine

20 min delay 24 h delay Retrieval (24 h)

PEG Nifedipine PEG Nifedipine PEG Nifedipine
Acquisition 296 £ 24 30319 211 =51 314 £9.7% 251 *+23 286 = 2.7
Test 26.1 £ 2.1 286 =34 24x170 17.6 = 3.1 18.8 = 1.0 179 =14

Data are in seconds (mean == SEM). *PEG—nifedipine difference significant at P < 0.05.

given on the final day when the Fos expression induced by novel
and repeatedly shown pictures was to be measured. The memory
delay was =24 h as at test the repeatedly shown pictures had not
been seen for at least 24 h.

Verapamil treatment disrupted the normal pattern of differ-
ential Fos expression in PRH and Te2, without changing Fos
expression in the control areas of auditory (AU) and entorhinal
(ENT) cortices (Fig. 4). For normalized Fos counts, a repeated-
measures ANOVA with factors for area, novelty/familiarity, and
treatment (verapamil or saline) revealed a significant three-way
interaction (F, 5,y = 3.34; p = 0.02). The analysis was therefore
continued by analyzing the data for each region separately. For
PRH, there was a significant interaction between novelty/famil-
iarity and treatment (F(, ;5, = 51.30; p < 0.001). For the saline-
treated group, Fos counts were significantly higher in the novel
than the familiar hemisphere (F, ;) = 64.99; p < 0.001). In con-
trast, for the verapamil-treated group, the familiar hemisphere
had higher counts than the novel (F, 4 = 6.24; p < 0.05), a
reversed expression pattern previously also seen with scopol-
amine treatment (Warburton et al., 2003). The findings for Te2
were similar; indeed, no significant interaction involving area was
found when the PRH and Te2 data were analyzed together. In
Te2, there was a significant interaction between novelty and
treatment (F(, 5y = 5.02; p = 0.04). For the saline group, Fos
counts in Te2 were higher in the novel than the familiar hemi-
sphere (F, ;, = 9.44; p = 0.02), whereas there was no significant
difference between the two hemispheres in the verapamil-treated
rats. In control areas, AU and ENT, no significant interaction was
found between novelty and treatment; and no difference was
found between Fos counts in the novel and familiar hemispheres
for either the saline or verapamil groups.

The Fos counts before normalization (Table 5) did not differ
significantly between the saline and verapamil groups, indicating
that verapamil did not have an overall effect on the Fos counts. In
confirmation of the analysis on the normalized counts, a signifi-
cant interaction was found between novelty and treatment for the
absolute Fos counts in PRH (F(; ;5 = 31.43; p < 0.001).

Synaptic plasticity

To evaluate the effect of blocking L-type VDCCs on synaptic
plasticity in PRH slices, 20 M verapamil was bath-applied to the
perfusate before and during plasticity-inducing stimulation. At
this concentration, 20 uM verapamil had no effect on baseline
transmission measured by fEPSPs (Fig. 5).

Delivering HFS in the presence of 20 uM verapamil produced
LTP, which at 60 min after HFS was not significantly different
from that induced in interleaved control slices (verapamil:
+22 * 5% from baseline, n = 8; control: +24 * 4% from base-
line, n = 7; p > 0.1) (Fig. 5A). In contrast, however, LTD nor-
mally inducible by delivering LES (5 Hz; 10 min) was blocked by
verapamil (response amplitude 60 min after LES in the presence
of verapamil, —3 * 3% from baseline; p > 0.1; n = 6) (Fig. 5B,
left). This block of LTD was reversible, as 5 Hz LFS subsequently
delivered 50 min after verapamil washout resulted in significant
LTD (60 min after washout of verapamil, —20 % 5% from base-
line; p = 0.01; n = 6). The level of LTD induced after verapamil
washout was not significantly different (p > 0.1) from that in-
duced in separate control experiments (response amplitude 60
min after LES, —23 * 5%; n = 7) (Fig. 5B, right). In addition, to
test the effect of L-type VDCC blockade on LTD expression, ve-
rapamil was applied after LTD had been established (Fig. 5B,
right). Verapamil did not affect LTD expression: expression was
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not significantly different from that mea-
sured at 60 min after LFS (response ampli-
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tude 30 min after verapamil application,
—25 % 6%;p>0.1;n=6).

It has previously been shown that 1 Hz
LFS (900 stimuli; 15 min) applied follow-
ing established LTP effectively reverses this
LTP (Ziakopoulos et al., 1999; Massey et
al.,, 2004). Such depotentiation was also
blocked by verapamil: 60 min after LFS in
the presence of verapamil, response ampli-
tude was not significantly different (p >

0.1) when compared with LTP, but was
significantly different (p = 0.025) when
compared with baseline (LTP, +23 * 6%;
depotentiation, +19 * 5%; n = 5) (Fig. B
5C, left). In control experiments, LFS
induced depotentiation (Fig. 5C, right).
Sixty minutes after LFS, response ampli-
tude was significantly ( p = 0.025) different
compared with LTP but not significantly
different ( p > 0.1) from baseline (LTP,
+26 * 8%; depotentiation, +5 * 5%;
n=>5).

Thus, verapamil blocked LTD and de-
potentiation but not LTP in perirhinal
cortical slices.

1.0+

(mean + SEM)

Discussion

The results establish that L-type VDCC
antagonists impair perirhinal-based rec-
ognition memory processes and plasticity.
An example of each of the three main types

0.8

normalised Fos counts

[ Novel
I Familiar

of L-type VDCC antagonists—phenylal-
kylamines (verapamil), benzothiazepines QQ
(diltiazem), and dihydropyridines (nifedi-
pine)—impaired acquisition of long-term &
(24 h) familiarity discrimination. This im-

pairment was found both with systemic 3
administration (verapamil, diltiazem, and

nifedipine) and with localized infusion ~Figure 4
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Differential Fos expression. A, Images of Fos-labeled cells in PRH of a control rat. Paired-viewing procedure: |,

into PRH (verapamil). The acquisition
impairment was paralleled by disruption
of the normally greater neuronal activa-
tion produced by novel than familiar stim-
uli in PRH. Additionally, L-type VDCC

hemisphere chiefly processing familiar pictures; II, hemisphere chiefly processing novel pictures. Note the higher number of
Fos-positive cells on the novel side (I1). Scale bar, 100 m. B, Systemic normalized Fos counts for novel and familiar hemispheres
for saline- or verapamil-treated rats for the following regions: PRH, Te2, AU, and ENT. In PRH and Te2, a significant interaction
between novelty/familiarity and drug treatment was found, indicating that the differential in Fos expression between novel and
familiar hemispheres of saline-treated rats was significantly different from that for verapamil-treated animals. Repeated-
measures ANOVA effect of novelty/familiarity: *p << 0.05, ***p << 0.0071. Error bars indicate SEM.

antagonism impaired recognition mem-

ory retrieval processes when acquisition

was normal. Our finding of involvement of L-type VDCCs in
perirhinal familiarity discrimination and plasticity, adds to that
in hippocampal and amygdalar-dependent memory and plastic-
ity (Grover and Teyler, 1990; Bolshakov and Siegelbaum, 1994;
Disterhoft et al., 1996; Morgan and Teyler, 1999; Borroni et al.,
2000; Bauer et al., 2002; Woodside et al., 2004). However, in
perirhinal cortex, our findings indicate that it is synaptic weak-
ening rather than strengthening that is critically affected.

Thus, in parallel to the acquisition impairment, verapamil
impaired LTD and depotentiation, but not LTP, in PRH slices.
Although there have been reports highlighting a role for VDCCs
in the induction of LTD in rat hippocampus and visual cortex
(Bolshakov and Siegelbaum, 1994; McCoy and McMahon, 2007),
our investigation appears to be the first reporting a role of L-type
VDCCs in both LTD and depotentiation in PRH. Synaptic weak-

ening, as is produced by LTD or depotentiation, has been argued
to underlie perirhinal familiarity discrimination (Brown and
Bashir, 2002; Bogacz and Brown, 2003). In contrast to the lack of
effect on LTP found here in PRH, L-type VDCCs have been
found necessary for LTP induction in amygdala and hippocam-
pus (Grover and Teyler, 1990; Magee and Johnston, 1997; Kapur
et al., 1998; Morgan and Teyler, 1999; Freir and Herron, 2003;
Niikura et al., 2004; Voglis and Tavernarakis, 2006). It is unlikely
that VDCC antagonism produces its effects through changes in
synaptic transmission (Bolshakov et al., 1994; Morgan and Tey-
ler, 1999; Freir and Herron, 2003; Niikura et al., 2004). Impor-
tantly, in support of this conclusion, verapamil produced no
change in baseline transmission in perirhinal cortex in our in
vitro experiments nor any change in overall perirhinal Fos counts
in vivo.
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Table 5. Non-normalized Fos-labeled cell counts in sample areas
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Control Verapamil
Areas Novel Familiar Novel Familiar
PRH 162 £ 41%%* 125+ 28 133 £21 145 £ 20
TE 202 = 58 163 = 41 173 = 51 170 = 29
AU 291x75 30577 272 £ 35 300 £ 45
ENT 200 = 50 193 £ 42 190 £ 20 206 = 24
Data are represented as mean == SEM. ***Novel counts significantly higher than familiar, P < 0.001.
al., 2006a) or metabotropic (Barker et al.,
2006b) glutamate receptors in PRH. As
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Figure 5.  Effects of verapamil on synaptic plasticity in PRH slices. The presence of verapamil in the perfusate is indicated by a
gray box. The traces illustrate fEPSPs taken at the time points indicated. Stimulus artifacts are blanked and replaced by arrows.
(alibration:0.2mV, 10ms. A, LTP (induced by 100 Hz HFS repeated 4 times, as indicated by the upward arrow) was readily induced
in the presence of 20 um verapamil (left; open circles). LTP induced in the presence of verapamil was not different from that
induced in control slices (right; closed circles). B, De novo LTD (induced with 5 Hz stimulation indicated by the filled bar) was
prevented in the presence of 20 wm verapamil; after washout, delivering an additional train of 5 Hz stimulation resulted in
significant LTD (left; open circles). Verapamil had no significant effect on the expression of LTD, which was tested by bath applying
20 pm verapamil 60 min after induction of LTD in control slices (right; closed circles). €, After induction of LTP, depotentiation
(induced by 1 Hz stimulation for 15 min as indicated by the filled bar) was also prevented by 20 rum verapamil (left; open circles).
This contrasts with control experiments, in which 1 Hz LFS resulted in reversal of LTP to baseline (right; closed circles).

The impairment of familiarity discrimination was found for a
memory delay of 24 h but not 20 min. A similar pattern of impair-
ment of long-term but not shorter-term recognition memory has
been found previously for antagonism of either NMDA (Barker et

receptor-dependent mechanism. Given that
L-type VDCC antagonism does not affect
kainate receptor-dependent memory, then
any effects of VDCC antagonism on shorter-
term (20 min) memory mechanisms would
be masked by intact kainate-dependent
memory. In particular, because of such
masking, any impairment of the induction
of LTD or depotentiation-like mechanisms
would not be detectable as a memory im-
pairment at a 20 min delay.

In the present experiments, the
verapamil-induced change in Fos expression
provides an additional potential link be-
tween memory and plasticity mechanisms:
L-type VDCC antagonism disrupts perirhi-
nal neuronal activation related to long-term
recognition memory in addition to its effects
on familiarity discrimination and perirhinal
plasticity. One potential explanation for
these effects is that calcium ion entry
through L-type VDCCs can lead to activa-
tion of the transcription factor cAMP re-
sponse element-binding protein (CREB)
(Dolmetsch et al., 2001; West et al., 2002).
CREB activated transcriptional processes
have been linked with learning and memory,
and synaptic plasticity (Bourtchuladze et al.,
1994; Deisseroth etal., 1996; Silva et al., 1998;
Genoux et al., 2002). More specifically,
phosphorylation of CREB within PRH is es-
sential for long-term plasticity and recogni-
tion memory mechanisms (Warburton et
al., 2005). Moreover, CREB phosphoryla-
tion can lead to Fos production (Ahn et al.,
1998; Silva et al., 1998), L-type VDCC antag-

onism in cell cultures modifies c-fos activation (Morgan and Curran,
1986), and oligonucleotide antagonism of Fos production in PRH
impairs familiarity discrimination (Seoane and Brown, 2007).
Hence it is possible that VDCC antagonism might act through this
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pathway to produce disruption of Fos expression and memory im-
pairment. Future experiments need to explore the specificity of links
between activation of VDCCs and CREB phosphorylation, as well as
cooperations or occlusions between VDCCs and calcium entry via
other transmitter receptor channels.

Interestingly, VDCC antagonism produced an impairment of
recognition memory retrieval that has not been found with an-
tagonism of NMDA, kainate, or metabotropic glutamate recep-
tors (Barker etal., 2006a,b), nor with scopolamine antagonism or
benzodiazepine agonism (Warburton et al., 2003; Wan et al.,
2004). Retrieval deficits have been found previously with AMPA
glutamate receptor antagonism (Winters and Bussey, 2005b;
Winters et al., 2006), and verapamil impairs retrieval of a passive
avoidance task (Lashgari et al., 2006). A retrieval deficit was not
apparent with a memory delay of 20 min, although the VDCC
antagonists given before acquisition were likely to have still been
active. It is unlikely that state dependency masked such an effect,
because the impairment remained for the 24 h memory delay
when verapamil was given both before acquisition and before
retrieval. Thus, as for acquisition, the retrieval effect also only
affects those substrates of recognition memory necessary for
long-term (24 h) familiarity discrimination and not those neces-
sary for shorter-term (20 min) memory. The physiological sub-
strate of this retrieval deficit remains to be determined. However,
because verapamil has no effect on basal transmission and does
not reverse previously established LTD (at least when applied at
60 min after LTD induction), neither of these potential effects of
verapamil on synaptic function can explain the deficit in retrieval.

The memory impairments could not be ascribed to general-
ized behavioral effects of the drugs. Observation detected no
differences in the general behavior of the animals with either
systemic or local drug delivery. Moreover, the exploration times
in each phase of the novel object preference task were similar for
both drug-treated and control animals. For systemic administra-
tion and in vitro experiments, the chosen single doses of the
antagonists were similar to the ones used by previous authors
(Morgan and Teyler, 1999; Borroni et al., 2000; Freir and Herron,
2003; Niikura et al., 2004; Woodside et al., 2004), which corre-
spond to dose levels at which the actions of the drugs are likely to
be mainly on L-type VDCCs; at higher concentrations, actions
have been reported on potassium channels and nicotinic recep-
tors (Hume, 1985; Zhang et al., 1999; Houlihan et al., 2000;
Madeja et al., 2000). That the same pattern of memory impair-
ment was seen with exemplars of all three groups of antagonists,
which bind to different regions of the channel (Striessnig et al.,
1990, 1991; Nakayama et al., 1991; Nakayama and Kuniyasu,
1996; Hockerman et al., 2000), adds weight to the conclusion that
the effects of the drugs are attributable to antagonism of L-type
VDCCs. The parallel results produced by the localized infusion of
verapamil establish that an action within the PRH region is suf-
ficient to produce memory impairment. In particular, the results
from local PRH infusion and the plasticity impairment found in
PRH slices allow exclusion of the possibility that the memory
deficits arose from an action on L-type VDCCs on the cardiovas-
cular system. When verapamil was given locally, the normal pat-
tern of Fos expression was changed in Te2 as well as PRH. Thus,
part of the memory impairment could have arisen from drug
action within Te2 as well as PRH. However, studies by others
(Martin, 1991; Izquierdo et al., 2000; Attwell et al., 2001; Winters
and Bussey, 2005a) suggest that the spread of infused drugs will
have affected most of PRH but only part of Te2.

It is important to appreciate that the effects of L-type VDCC
antagonism on memory appear to be dependent on the dose
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regimen: chronically repeated low doses have been reported to
have, if any, beneficial effects on memory (Disterhoft et al., 1996;
Batuecas et al., 1998; Meneses and Hong, 1998; Kane and Robin-
son, 1999; Veng et al., 2003; Lashgari et al., 2006)—although
these might be indirect, because of improved cardiac perfor-
mance. Thus, the amnesic effects of single acute doses in rats
should not be taken as directly relevant to the chronic treatment
of human cardiovascular problems.

In conclusion, exemplars of all three types of L-type VDCC
antagonists produced similar impairments in both the acquisi-
tion and retrieval of long-term recognition memory. Moreover,
the same pattern of impairment was found when verapamil was
infused locally within PRH rather than being given systemically.
The acquisition impairment was paralleled by disruption by ve-
rapamil of the normal differential neuronal activation in PRH
produced by viewing novel and familiar stimuli, and the impair-
ment of LTD and depotentiation but not LTP in PRH slices.
Accordingly, familiarity discrimination and plasticity mecha-
nisms in PRH are dependent on activation of L-type VDCCs.
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