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Nimodipine enhances spontaneous activity of hippocampal pyramidal 
neurons in aging rabbits at a dose that facilitates associative learning 
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The functional activity of hippocampal neurons is strongly correlated with behavioral performance in a vertebrate model learning system, 
rabbit eyeblink conditioning. Using this system, we have previously shown that (a) complete removal of the hippocampus blocks acquisition 
of the conditioned response; (b) a calcium-dependent postsynaptic afterhyperpolarization is reduced in pyramidal cells recorded intracellularly 
in hippocampal slices taken from conditioned rabbits; and (c) nimodipine, a 1,4-dihydropyridine calcium-channel antagonist, facilitates 
acquisition of the conditioned response in aging rabbits. Although calcium-channel antagonists directly block neuronal calcium currents in vitro, 
they also alter cerebral blood flow in vivo. Thus, the effects of nimodipine on hippocampal neuronal activity in awake animals were examined, 
with controls for cerebrovascular changes. A total of 457 pyramidal cells and 160 theta cells were studied. During infusion of nimodipine, 
pyramidal cell firing activity was enhanced and theta interneuron activity was suppressed at all doses tested in aging animals. This effect was 
rapidly reversed when infusion of the drug ceased. The greatest enhancement of neuronal firing was seen at the most behaviorally effective 
dose of nimodipine. The enhancement of pyramidal cell firing was age-dependent, with greater increases in firing activity seen in aging than 
in young animals, but with a similar dose-dependent pattern of effects in the two age groups. Two other calcium-channel antagonists, nifedipine 
and flunarizine, did not significantly alter spontaneous firing rates of hippocampal neurons. A calcium-channel agonist, BAY-K-8644, produced 
less easily interpretable results. BAY-K-8644 enhanced interneuron activity at one dose, but enhanced pyramidal cell activity at a dose one 
log unit higher. The calcium-channel agonist's enhancement of pyramidal cell activity at the highest dose was sustained up to 1 h after drug 
infusion. Nimodipine's enhancement of the activity of hippocampal pyramidal cells is consistent with the hypothesis that these neurons, which 
play a necessary role in some forms of learning, may mediate the calcium-channel antagonist's behavioral effects. 

INTRODUCTION 

Aging is a complex and poorly understood process, 

apparently regulated by multiple mechanisms, only one 
of  which is the simple passage of time. A great deal of 
emphasis has been focused lately on neuronal deficits 
associated with aging. Alzheimer 's  disease 6,57'58'82 and 

Parkinsonism 16'52 are two devastating pathological syn- 

dromes in humans closely linked to the aging process, 
producing severe physical and behavioral deficits. Al- 
though these disorders deserve increased clinical and 
research attention, the majority of  the aging population 

exhibits little or no major  neurological deficits, and 
certainly none of  this magnitude 26. It has been proposed, 

however,  that age-associated memory impairment 
(AAM114'15'83) may be quite common,  and may impact a 

large proport ion of  the normal aging population. Dys- 
functions of  the hippocampus are implicated in the 
learning deficits associated with Alzheimer 's  disease 81, 

and could be involved in other  age-associated behavioral 

deficits. Considerable anatomical 18"28'48, neurochemical 2' 
24,25,40 and physiological 4'5'39 data have been accumulated 

showing age-associated alterations in /he mammalian 

hippocampus. The hippocampus is one potential central 

site of action of pharmacological agents that may ame- 
liorate or eliminate the neuronal impairments associated 

with aging. Our  convergent interests in hippocampal 
mechanisms underlying the learning process and age- 

associated deficits in these processes have led us to 
investigate impairments in learning associated with nor- 
mal aging, using an animal model  29 of  human learning 11, 

trace eyeblink conditioning in awake rabbits 69. 

The deficits in learning exhibited by aging rabbits in 
the trace eyeblink conditioning task 19,30,68,71,75 are func- 

tionally similar to those seen in young animals perform- 
ing the same task after complete hippocampal removal 55' 
70. Both intact aging and hippocampectomized young 

subjects typically fail to learn the task successfully. 
Nimodipine, a 1,4-dihydropyridine L-type calcium-chan- 
nel antagonist, facilitates associative learning of  the 
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t race-condi t ioned eyebl ink response in aging rabbits 

when given per ipheral ly  19'75. Nimodipine  also reverses 

aging-associated deficits in two other  learning tasks that 

show a similar dependence  on intact h ippocampal  func- 

tion: delayed non-matching-to-sample in aging pr imates  6° 

and spatial  water-maze learning in rats 61'65. Strong 

evidence links the activity of h ippocampal  pyramidal  

neurons to acquisit ion of condi t ioned responses 8, and 

indicates a deter iora t ion of the functional activity of these 

cells with aging 3. The physiology of h ippocampal  inter- 

neurons has rarely been studied in the context of aging or 

of calcium-channel  blockade,  and only infrequently in the 

context of learning. New recording 77 and unit isolation 

techniques 5~ now allow the activity of theta  interneurons 

and of closely associated pyramidal  cells to be studied 

concurrently.  The present  exper iments  were designed to 

examine the effects of  nimodipine and re la ted com- 

pounds  on h ippocampal  neuronal  activity, with simulta- 

neous assessment of their  effects on the activity of both 

pyramidal  and theta cells. 

Our  goal was to determine  if n imodipine  affected the 

spontaneous  firing rates of h ippocampal  neurons in our 

awake rest ra ined rabbit  prepara t ion ,  in order  to begin 

assessing potent ia l  neural  mechanisms underlying nimo- 

dipine 's  behavioral  facili tation in aging animals. Since 

nimodipine  both facilitates learning 19 and increases ce- 

rebral  b lood flow 64 in aging rabbits ,  it is possible that its 

facili tation of learning occurs as a consequence of 

improved brain perfusion.  However ,  nimodipine blocks 

L-type calcium currents in vitro when the drug has direct 

access to h ippocampal  pyramidal  cells 44, and recent 

studies indicate that n imodipine ,  unlike many calcium- 

channel blockers ,  readily crosses the b lood -b ra in  

barr ier  8°. Thus, n imodipine 's  facilitation of learning 

could be due to direct actions at neuronal  dihydropyri-  

dine receptors.  To test these al ternate hypotheses,  the 

effects of calcium-channel  b lockade on hippocampal  

pyramidal  cell activity were tested in vivo under  the same 

condit ions in which behavioral  facilitation occurs. The 

effects of n imodipine  were compared  to those produced 

by o ther  drugs which interact  with calcium channels. The 

d ihydropyr id ine  nifedipine and the diphenylalkylamine 

flunarizine,  2 calcium-channel antagonists that relax 

vascular smooth muscle and alter cerebral  b lood flow 7' 

63,80 but do not  cross the b l o o d - b r a i n  barr ier  as readily 

as n imodipine ,  and the d ihydropyr idine  calcium-channel 

agonist  BAY-K-8644, which constricts ra ther  than relaxes 

the cerebrovasculature  59, were tested.  Hippocampal  cel- 

lular responses to these agents were compared  across a 
range of doses in aging rabbits ,  and aging effects on the 

response to nimodipine were compared  between young 

and aging animals. 

MATERIALS AND METHODS 

Animals 
Aging (mean 47.3 + 4.6 mo) or young adult (mean 4.1 + 0.4 mo) 

female albino rabbits were individually housed, with free access to 
food and water, on a 12-h/12-h light/dark cycle, under conditions 
that replicated those used in earlier assays of nimodipine's effects on 
learned behaviors 19. Rabbits were chronically implanted with 
moveable bundles of microwire electrodes and indwelling jugular 
catheters under sterile surgical conditions as described below, and 
hippocampal single-unit activity was monitored while series of doses 
of different calcium channel agents were infused systemically. 
Changes in the rate of spontaneous activity of pyramidal cells and 
of interneurons, readily identified via extracellular recordings from 
the CAt region of dorsal hippocampus, were quantified as a 
function of age, drug, and dose. 

Chronic catheterization 
Animals were anesthetized with xylazine and ketamine-HCl. 

Catheters with non-exteriorized access ports (Access Technologies, 
Model GPV) were surgically implanted in the right jugular vein. 
Incisions were infiltrated with lidocaine HCI. An incision was made 
in the dorsal surface of the neck, and small pockets were formed 

Fig. 1. Identification of electrode sites from which single- or 
multiple-unit activity was recorded in the CA1 region of the dorsal 
hippocampus of 9 aging and 3 young adult albino rabbits (Orycto- 
lagus cuniculus). A total of 111 different recording sites (~) were 
used in the present study, an average of 9 sites/animal, with many 
sites used over multiple sessions as long as stable discriminable 
single-unit activity was present. Recording sites were identified in 
Nissl-stained sections via small marking lesions made after experi- 
mentation was terminated. 
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under the skin caudal to this. The jugular was then exposed via the 
neck. The access port (filled with heparin sodium, 1 kU/ml) was 
slipped into the dorsal pocket and sutured into place, with the 
catheter run under the skin, through a second pocket holding a loop 
of excess catheter, to the jugular. The jugular vein was ligated 
rostral to the point of entry and transected. The catheter was 
implanted into the jugular, ligated in place, and the incisions were 
closed. This procedure was previously used in assessing nimodipi- 
ne's behavioral effects in vivo 19. The chronic catheter was flushed 
daily with heparin sodium to maintain an open lumen. 

Chronic recording instrumentation 
Extracellular recording assemblies were implanted during the 

same surgical session, using techniques adapted from those used for 
chronic recording in freely-behaving rats 76'77. The recording assem- 
bly consisted of a microdrive containing a 'floating' bundle of ten 
32-/~m nichrome microwire electrodes within a stainless steel guide 
cannula 36, and allowed advancement of the electrodes in increments 
of approximately 20/~m in the awake animal. In most cases, twisted 
pairs of microwire stereotrodes were used (instead of untwisted 
single wires) in the electrode assembly to enhance common-mode 
rejection for single-unit isolation 5~. The guide cannula also served 
as a cortical indifferent electrode. The tips of the microwire 

electrodes, cut diagonally at 30 ° , were implanted in the anesthetized 
rabbits over the dorsal hippocampus under stereotaxic guidance, 
and the mierodrive assembly was cemented in place with dental 
acrylic. A restrainer consisting of closely opposed nylon screws with 
an acrylic base was affixed to the frontal plates of the skull to aid 
in nontraumatic immobilization of the subjects during recording. 
The craniotomy was filled with sterile petroleum jelly (refreshed as 
needed) to allow for electrode advancement and to cover the 
wound. Animals received Buprenex postoperatively to minimize 
discomfort and facilitate recovery. The rabbits used recovered 
rapidly from these procedures, exhibiting normal behavior within 
2-3 days. 

Neuronal unit recording 
After 100 h or more of recovery from surgery, awake rabbits were 

restrained using snug bags with front and rear drawstrings, placed 
in a padded plexiglass stock, and habituated to a sound attenuated 
IAC double-walled Faraday chamber for at least 1 h. The bundles 
of microwire electrodes were then lowered into the pyramidal cell 
layer of CA1 of the dorsal hippocampal formation Until one or more 
complex-spike cells were isolated extracellularly. Unit activity was 
recorded against an adjacent microwire and/or a cortical indifferent 
electrode using Grass P5 AC preamplifiers (gain x 10 K; bandpass 

Threshold 
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Fig. 2. Single-unit discrimination using the spike separation algorithms of a BrainWave T M  workstation. The top trace, left, shows 1 s of a typical 
multi-unit signal recorded midway through stratum pyramidale of field CA1 in the dorsal hippocampus using a single microwire in a chronic 
driveable microelectrode 36, with clear theta frequency (4-8 Hz) modulation of the firing of many cells. The 2 smallest and the 2 highest 
amplitude units separated from this signal are shown in the inset at top right; a threshold of 170/zV above ground potential was used to select 
these and 4 other intermediate amplitude units (not shown, for clarity) for waveform parameter cluster cutting on the workstation. The 2 
smallest units separated, with spike widths of 200/zs and of 160/ts, respectively, had spontaneous firing rates of 6.2 _+ 0.4 Hz and of 11.6 _+ 
0.3 Hz, and were classified as theta interneurons, based on Ranck's 56 criteria. The two largest units, with spike widths of 540/~s and of 430 
/zs, respectively, had firing rates of 1.2 + 0.1 Hz and 0.8 _+ 0.2 Hz, and were classed as pyramidal cells. The latter 2 units occasionally exhibited 
complex-spike activity when observed on a storage oscilloscope at a higher sweep speed. The lower trace at left shows 5 s of a classic 'single-unit' 
signal recorded in the same rabbit, from a microwire in the same bundle located approximately 75/zm dorsal and 200/zm medial to the first 
recording site, on the dorsal edge of the pyramidal cell layer. Simple window discrimination of this 'unitary' signal (possessing fairly uniform 
peak-to-peak spike amplitude) would yield a frequency estimation of 2.0 + 0.3 Hz. Waveform separation on the workstation using spike peak 
time, valley time, and spike width parameters, however, revealed 3 units in this signal (inset, lower right), with firing rates of 1.4 + 0.2 Hz, 
0.5 _+ 0.1 Hz, and 0.3 _+ 0.1 Hz, respectively. The reliability of this separation and of these spontaneous firing rates were confirmed across 
18 consecutive 5-min sampling intervals (a total of 90 min of continuous recording), an indication both of the stability of the recording 
preparation and of the power of the software spike separation algorithms. Many recordings exhibited not only such short-term stability, but 
also exhibited apparent long-term stability similar to that reported in other chronic preparations rr, with similar waveform parameters observed 
from the same electrodes over multiple days. For the present analysis, each waveform isolated on a given day was treated as a single-unit for 
that day's observation. No attempts were made to verify that cells were 'held' across multiple days. 
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0.3-3.0 kHz), and displayed on a storage oscilloscope. Single-unit 
activity was discriminated using a BrainWave T M  workstation (see 
below) and stored online. In the event that waveform analyses 
indicated that a recording site was not stable compared to previous 
recordings, the electrode was advanced following a daily recording 
session to isolate new unit activity, if stable unit activity was not 
present on other electrodes within the same driveable bundle. At 
the completion of all experiments, rabbits were deeply anesthetized 
with intravenous barbiturate, all recording sites were marked via 
small lesions (10 pA, 30 s) made through the recording electrodes, 
and the subjects were perfused transcardially with physiological 
saline followed by 10% formalin. Histological placement of the 
recording sites in fixed Nissl-stained tissue sections was compared to 
the characteristic firing patterns of the neurons recorded; for all 
cases of data reported here, electrode placement was within stratum 
pyramidale of the dorsal CA1 subfield. Figure 1 shows the recording 
sites used in the current study within the dorsal CA1 pyramidal cell 
layer in the aging rabbit. 

Single-unit discrimination 
A BrainWave T M  workstation (BrainWave Systems, Boulder, CO) 

was used to record and analyze electrophysiological data on-line. 
This system, running on an Intel-80386 based microcomputer, 
performed software discrimination of unit waveforms using thresh- 
old, amplitude, time, and template matching parameters. The 
software algorithms used by the BrainWave T M  workstation allowing 
simultaneous recordings to be made from multiple single neurons in 
real-time are detailed elsewhere 51. Chronic unit activity was also 
collected and stored on a VCR with a digitizing adapter for later 
reanalysis on the workstation, to ensure that artifactual changes in 
the data induced by minor changes in waveform amplitude conse- 
quent to global changes in cerebral blood flow were eliminated. In 
all cases within single recording sessions, spike widths of single-units 
included for analysis varied by less than 1%, while spike amplitudes 
varied by less than 5% (e.g. between baseline, drug infusion 
periods, and post-infusion periods). Figure 2 illustrates some 
principles of the use of the BrainWave T M  workstation for hippo- 
campal single-unit discrimination. 

Up to 4 channels of hippocampal extraceUular single- or multiple- 
unit activity were analyzed, allowing simultaneous discrimination of 
the activity of an average of 15 single-units. The characteristic 
waveforms and firing frequencies of pyramidal cells and of 'theta' 
interneurons allowed quantitative separation of these 2 closely 
associated neuronal populations for study. Complex-spike units 
were differentiated from the other major behavioral class of 
hippocampal units, theta cells, based upon Ranck's criteria27's6: 
complex-spike or pyramidal ceils exhibit a low spontaneous rate of 
activity and a constant broad waveform (>500 /~s duration, 
measured between amplitude peak and trough) during awake quiet 
immobility; while theta interneurons have a higher tonic rate of 
activity, a narrower waveform (<400 #s duration), and reliable 
phase-locking to the hippocampal EEG theta rhythm typified by 
robust autocorrelations of spike activity within the theta bandwidth 
(140-250 ms interspike intervals) 51 . Complex-spike activity was also 
considered, but not used as a rigid criterion for discriminating cell 
types, since the proportion of complex-spike bursts to single spike 
firings varied considerably between pyramidal neurons, and even for 
the same neuron within sessions. Data collection from a given 
recording site was terminated if classical 'single-unit' isolation from 
the site could not be maintained (i.e. peak-to-peak spike amplitudes 
greater than 4 times the peak-to-peak noise level on the channel 
were required), and data from such sessions were not included for 
analysis. 

Drug infusion and data collection 
Varying concentrations of nimodipine (Miles Pharmaceuticals), 

nifedipine (Sigma), flunarizine (Sigma), or BAY-K-8644 (Miles) 
were dissolved in 300 mol. wt. polyethylene glycol vehicle in 
light-resistant containers to prevent photo-sensitive reactions from 
occurring. All drugs were delivered via the chronic i.v. catheters to 

awake restrained animals, in order to replicate the methodology of 
our earlier study of nimodipine's effects on associative learning ~9. 
Each series of 1 session of vehicle alone and 4 sessions of different 
doses of drug was delivered over a period of 5 successive days, 
followed by at least 2 days of rest between series (rabbits averaged 
3 series of drugs each). Each animal received a pseudorandom 
choice of a different drug for each series of testing, yielding a series 
of cellular response measures to a range of doses for several drugs 
from each animal. 

A vehicle control session was followed at 24-h intervals by a 
pseudorandom choice of 0.01, 0.1, 1.0, or 10 pg/kg/min of drug 
infusion, as follows. Unit activity was continuously recorded during 
sessions, with single-neuron firing frequency averaged over 5-min 
samples to reduce spontaneous fluctuations in firing rate. Two 
baseline periods were followed by continuous equivolume i.v. 
infusion of drugs for 65 min, with data collected after 20, 40, and 
60 min of infusion, with a final sample of activity assessed 20 min 
post-infusion. All recording and data analyses were performed 
blind. 

Statistical analyses 
Spontaneous single-unit firing rates were calculated across 5-min 

samples. Mean rates for the baseline, drug-treatment, and post- 
treatment periods were calculated. Initial statistical tests compared 
the effects on mean firing rates of the 3 different calcium-channel 
antagonists used, with appropriate adjustments made for unequal- 
sized groups. Two-factor ANOVAs (SuperANOVA, Abacus Con- 
cepts, Berkeley, CA) were used to compare mean firing rates of 
complex-spike or of theta cells in aging animals during baseline, 
drug-treatment, or post-treatment periods. Significant main effects 
of drug or of dose were evaluated using Scheff6 post-tests, with a 
significance level of P < 0.05. Two-factor ANOVAs were also used 
to assess age-dependent effects of nimodipine infusion at different 
doses, with significant main effects of age or dose evaluated using 
Scheff6 post-tests. Paired t-tests (two-tailed) were then used to test 
whether unit activity during infusion of specific doses of specific 
drugs (identified by Scheff6 tests as significantly different from unit 
activity during infusion of other specific drug dosages) was signifi- 
cantly altered from baseline activity. Additional two-factor 
ANOVAs were used to compare the effects of nimodipine with 
those of BAY-K-8644, a calcium-channel agonist. Significant main 
effects of drug or of dose were evaluated using Scheff6 post-tests. 
The results of all statistical analyses are presented below. Drug- 
treatment and post-treatment rates were also converted to percent 
differences from the mean baseline firing rate for simplicity of 
graphic presentation. 

RESULTS 

Cel lu la r  responses  to infus ion of  3 d i f fe ren t  ca lc ium- 

channe l  antagonis ts  o r  of  1 ca l c ium-channe l  agonis t  were  

e x a m i n e d  using 393 pyramida l  neu rons  and 137 the ta  

i n t e rneu rons  r e c o r d e d  f r o m  the  dorsal  h i p p o c a m p i  of  9 

awake  intact  aging rabbits .  Since n i m o d i p i n e  was the  only 

ca lc ium-channe l  an tagonis t  that  p r o d u c e d  a significant  

effect  on  ext race l lu lar ly  r e c o r d e d  h i p p o c a m p a l  single- 

uni t  activity in aging animals ,  and since only n imod ip ine  

has been  ex tens ive ly  tes ted  for  behav io r a l  effects  in this 

p repa ra t ion ,  only  n i m o d i p i n e ' s  effects  w e r e  c o m p a r e d  

across age groups .  Thus ,  we  e x a m i n e d  the  responses  to 

n imod ip ine  t r e a t m e n t  of  an add i t iona l  64 h ippocampa l  

pyramida l  neu rons  and 23 the ta  cells in 2 young  animals .  

Table  I shows the  n u m b e r  of  cells t es ted  in each 

condi t ion .  
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TABLE I 

Number of hippocampal single-units sampled in aging or young rabbits during infusion of calcium channel agents at each of 4 doses 

Drug Age group Pyramidal cells 

Dose (l~g/kg/min) All 
doses 

0.01 0.1 1.0 10 

Theta cells 

Dose (lzg/kg/min) All 
doses 

0.01 0.1 1.0 10 

Nimodipine Aging 27 25 31 29 112 
Young 17 16 18 13 64 

Nifedipine Aging 23 21 27 25 96 
Flunarizine Aging 28 27 22 21 98 
BAY-K-8644 Aging 23 19 27 18 87 

Total aging 101 92 107 93 393 
Total young 17 16 18 13 64 

10 6 13 9 38 
8 4 6 5 23 
7 7 7 6 27 
9 9 9 9 36 
8 9 8 11 36 

34 31 37 35 137 
8 4 6 5 23 

In comparisons between calcium-channel antagonists, 
no significant interactions between drug and dosage were 

found in the two-factor ANOVAs during baseline, 

drug-treatment, or post-treatment periods for pyramidal 
cells or for theta cells. Further, no significant main effects 

of dosage independent of drug were observed. Significant 
main effects, however, for the calcium-channel antago- 
nist infused were found for both classes of hippocampal 

neurons. Table II lists the compute F values, degrees of 
freedom, and associated probabilities for these tests. As 

indicated by Scheff6 post-tests, nimodipine was the only 
calcium-channel antagonist which produced unit firing 
activity significantly different from that seen with either 
of the other drugs tested. Scheff6 F-tests indicated that 

during the drug infusion period, unit activity from 
pyramidal and from theta neurons recorded from animals 

receiving nimodipine was significantly different from that 
of pyramidal and theta neurons recorded from animals 
receiving nifedipine (F = 162.76, P < 0.004, and F = 

979.95, P < 0.01, respectively) or flunarizine (F = 

102.27, P < 0.04, and F = 962.44, P < 0.02, respec- 

tively). The rate of unit firing for either the pyramidal or 

theta cell types did not differ significantly among the 

different calcium-antagonist treatment groups during the 

baseline (P > 0.36 and P > 0.59, respectively) or during 
the post-infusion intervals (P > 0.24 and P > 0.37, 

respectively), indicating that the pools of neurons as- 

sessed in each group had similar firing properties in the 
absence of drug treatment. 

Dose-dependent effects o f  nimodipine on hippocampal 

pyramidal  neurons 

Nimodipine altered the spontaneous firing rates of 
hippocampal neurons in awake aging rabbits. Nimodipine 

increased the firing of pyramidal cells but decreased the 
firing of closely associated theta interneurons at all doses 

tested, with the greatest magnitude effects seen at 
behaviorally effective doses (see Fig. 3 and Table II). 

Scheff6 post-tests indicated significant differences in the 

magnitude of the drug-induced increases between all 

TABLE II 

The results of  two-factor analyses of  variance testing significance of interactions and main effects of  calcium antagonist (Drug) used or of dose given 
(Dose) at all intervals tested for hippocampal theta and pyramidal neurons 

The only significant effects are by drug, during drug infusion intervals. The resulting F scores (F), degrees of freedom (dj0, and associated 
probabilities (it') are listed. 

Cell Testing Drug x dose Drug Dose 
type interval 

F df P I: ,if P F df e 

Theta cells 
Baseline 0.61 6,105 >0.72 2.54 2,105 >0.08 0.15 3,105 
Drug infusion 0.59 6,105 >0.81 3.51 2,105 <0.03 0.33 3,105 
Post infusion 0.45 6,105 >0.84 3.02 2,105 >0.05 0.25 3,105 

Pyramidal cells 
Baseline 1.68 6,294 >0.13 0.88 2,294 >0.42 0.86 3,294 
Drug infusion 1.84 6,294 >0.12 7.89 2,294 <0.0005 1.84 3,294 
Post infusion 1.75 6,294 >0. I 1 1.42 2,294 >0.24 0.45 3,294 

>0.93 
>0.81 
>0.86 

>0.46 
>0.14 
>0.72 
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possible comparisons of doses except between the doses 
of 0.1 and 10.0 /zg/kg/min of nimodipine (P > 0.62). 
Infusion of the lowest dose of nimodipine, 0.01 /zg/ 
kg/min, increased pyramidal cell activity compared to 
baseline spontaneous activity (t26 = 2.62, P < 0.02). 
Significant increases in pyramidal cell activity relative to 
baseline were also seen during infusions of 0.1/zg/kg/min 
of nimodipine (tea = 7.89, P < 0.0001) and of 10.0 
/zg/kg/min of nimodipine (t28 = 6.37, P < 0.0001). The 
largest magnitude effect was seen during infusion of 1.0 
/~g/kg/min of nimodipine, when spontaneous firing activ- 
ity was enhanced over 90% compared to baseline 
spontaneous activity (t3o = 6.81, P < 0.0001). Behavioral 
dose-response curves in aging rabbits similarly show that 
doses of 1.0-2.0 ~g/kg/min of nimodipine produce max- 
imal facilitation of learning in aging animals, while doses 
one log unit higher or lower are much less efficacious 
(Deyo, Straube and Disterhoft, unpublished observa- 
tions). The enhancement of spontaneous pyramidal cell 
firing activity by nimodipine was rapidly reversed when 
drug infusion was stopped. At all doses of nimodipine 
tested, firing rates of pyramidal or theta neurons were 
not significantly different from baseline activity within 20 
min post-infusion (t455 =" 0.81, P > 0.5 and t158 = 0.73, 
P > 0.5). The spontaneous activity of theta interneurons 
in the dorsal hippocampus was significantly depressed 
only during nimodipine infusion (F3.1o 5 = 3.51, P < 
0.03), and post-tests indicated the effect was significant in 
comparision to the lack of effect of the other calcium- 
channel antagonists nifedipine (F = 962.44, P < 0.02) 
and flunarizine (F = 979.95, P < 0.01). There was no 
significant difference in the effects on interneuron activity 
between any of the doses of nimodipine tested, however 
(F3,37 : 0.24, P > 0.87). The suppression of theta 
interneuron firing rates during nimodipine infusion was 
significantly different from the firing rates observed 
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Fig. 3. Time-course of the dose-dependent effects of intravenous 
infusion of the 1,4-dihydropyridine nimodipine on spontaneous 
single-unit activity recorded from the dorsal hippocampus of aging 
rabbits. The mean spontaneous firing activity of hippocampal 
pyramidal neurons (0 )  and of hippocampal theta interneurons (I-1) 
are shown at each of the 5-min intervals measured: during 2 baseline 
periods; 20, 40, and 60 min after the start of drug infusion; and 20 
min after drug infusion was terminated. The behaviorally effective 
dose of 1.0/zg/kg/min of nimodipine produced maximal enhance- 
ment of pyramidal cell firing and moderate suppression of theta cell 
firing. As can be seen, the response to intravenous nimodipine in 
vivo had a fairly rapid onset (typically less than 8 min) and was 
markedly stable throughout drug administration at all doses tested. 
All doses of nimodipine produced a statistically significant enhance- 
ment of pyramidal neuron firing, which returned to rates similar to 
those observed during the pre-drug baseline within 20 min post- 
infusion. 

during baseline periods, as determined by paired t-tests 
(lowest P < 0.03). 

Age-dependent effects of nimodipine on hippocampal 
pyramidal neurons 

The baseline spontaneous firing rate of pyramidal 
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Fig. 4. Age-dependence of nimodipine's effects on hippocampal pyramidal neuron activity. The L-type calcium channel blocker enhanced the 
spontaneous firing rates of pyramidal neurons (0 )  in aging animals to a significantly greater degree than it did those in young animals. The 
enhancement of pyramidal cell firing rates seen in both groups was greatest at the behaviorally effective dose of 1.0 #g/kg/min with a similar 
pattern of dose relationships and time-courses of the effects seen in both age groups. The effect of nimodipine on theta interneuron firing rates 
(D) was similar in both age groups at all doses tested. 
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neurons from aging subjects (mean 0.98 + 0.05 Hz) was 
slightly lower than that for young subjects (mean 1.10 +_ 
0.19 Hz), but was not significantly different (/71,456 = 
0.65, P > 0.4). Similarly, the baseline spontaneous firing 
rate of theta neurons from aging subjects (mean 7.16 _+ 
1.87 Hz) was slightly faster than that for young subjects 
(mean 6.65 + 1.91 Hz), but was not significantly 

different (Fl,159 = 0.72, P > 0.5). 
Nimodipine infusion produced the greatest facilitation 

of spontaneous firing rate in pyramidal cells from aging 
subjects, the same subject group that shows facilitation of 
associative learning with nimodipine treatment. Pyrami- 
dal cell spontaneous firing rates were enhanced over 90% 
during infusion of 1.0 pg/kg/min of nimodipine in aging 
subjects, compared to the average 58% enhancement 
seen at the same dose in young subjects. Comparisons of 
firing rates of pyramidal cells in aging and young subjects 
revealed significant differences between age groups only 
during infusion of nimodipine (Fl,175 = 15.08, P < 
0.001). No differences in the effects of nimodipine on 
theta interneuron firing rates were found between age 
groups (F1,6o = 1.08, P > 0.19). 

A pattern of dose-dependent facilitation of pyramidal 
cell firing similar to, but smaller than that observed in 

aging rabbits was seen in the young subjects. When firing 
rates during drug infusion were compared to spontaneous 
baseline activity, the firing rates of pyramidal cells were 
significantly enhanced at doses of 0.01 (t 9 = 3.63, P < 
0.04), 0.10 (t 5 = 4.29, P < 0.03), 1.0 (t12 = 5.08, P < 
0.01), and 10.0 (t s = 4.07, P < 0.03) /zg/kg/min of 
nimodipine. As in aging subjects, these effects were 
rapidly reversed in young subjects by termination of 
nimodipine infusion, with firing returning to rates indis- 
tinguishable from baseline rates within 20 rain post- 
infusion (F3,61 = 0.94, P > 0.79). Figure 4 illustrates the 
age-dependence of nimodipine's effects on pyramidal 
neuron activity. 

Lack of effect of nifedipine, flunarizine, or vehicle on 
hippocampal neurons 

As reported above, the dihydropyridine calcium- 
channel antagonist nifedipine and the diphenylalkyla- 
mine calcium-channel antagonist flunarizine, which affect 
vascular smooth muscle but do not cross the blood-brain 
barrier as readily as nimodipine, had no significant effects 
on hippocampal single-unit activity (see Fig. 5). None of 
the doses tested altered the spontaneous firing rates of 
the cells on average by more than 15%, and none 
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Fig. 5. Dose-response curves showing the effects of nimodipine and nifedipine (both dihydropyfidine calcium channel antagonists) and of 
BAY-K-8644 (a dihydropyridine calcium channel agonist) and of the non-dihydropyridine flunarizine (a diphenalkylamine calcium channel 
antagonist) on the mean spontaneous firing rates of hippocampal neurons in aging rabbits. While nimodipine enhanced the firing rates of 
pyramidal cells (0) and slightly depressed the firing of theta cells (I-q), neither nifedipine nor flunarizine had significant effects on either cell 
type. BAY-K-8644 had generally opposite effects to those of nimodipine on theta cells, but only significantly enhanced the firing rates of 
pyramidal cells at the highest dose tested. The effects of BAY-K-8644 also did not terminate with the end of drug infusion, but continued up 
to 1 h after drug infusion was stopped. 
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produced a sustained change in firing rate throughout all 
periods of drug infusion as were seen with nimodipine 
treatment. 

Effects of calcium agonist BAY-K-8644 different from 
calcium antagonist nimodipine 

The calcium-channel agonist, BAY-K-8644, produced 
a different pattern of changes in neuronal activity, with 
no significant effects at lower doses, and a greater effect 
on interneurons than on pyramidal cells (see Fig. 5). 
Statistically, the pattern of firing activity of pyramidal 
cells showed a significant difference between treatment 
with the agonist or the antagonist only during drug 
infusion, with significant interactions for drug and dose 

(El,191 = 1.87, P < 0.005). As seen in Fig. 5, low doses 
of BAY-K-8644 slightly suppressed or had no effect on 
pyramidal cell firing rates, while the highest dose en- 
hanced firing rates. Nimodipine at all doses enhanced 
pyramidal cell firing rates. The interaction, attributable 
to BAY-K-8644's mixed suppressant and facilitatory 
effects across doses, may be due to the racemic nature of 
the drug (see Discussion, below). Due to the interaction, 
however, no definitive statement comparing calcium- 
channel agonist and antagonist effects can be made. 

The largest change produced by BAY-K-8644 was seen 
at 1.0/~g/kg/min, with a significant enhancement of the 
firing rate of theta cells compared to baseline firing rates 
(t 7 = 7.31, P < 0.01). At a dose one log unit higher, 
however, no significant enhancement of theta interneu- 
ron activity occurred (tl0 = 0.81, P > 0.8). Instead, 10.0 
j~g/kg/min of BAY-K-8644 significantly enhanced pyra- 

midal cell activity (t28 = 4.69, P < 0.01). The enhance- 
ment of pyramidal cells at the latter dose of BAY-K-8644 
was long lasting, with data obtained 20 min post-infusion 

indistinguishable from that obtained during drug infusion 
(t28 = 1.06, P > 0.5). In most cases, enhancement of 
pyramidal cell activity persisted up to 1 h after drug 
infusion ended. No evidence of seizure activity was 
observed in the hippocampal EEG at any of the doses of 

BAY-K-8644 tested. 

DISCUSSION 

Nimodipine, a 1,4-dihydropyridine L-type calcium- 
channel antagonist, altered the spontaneous firing rates 
of hippocampal neurons in chronically instrumented 
awake rabbits in both a dose- and an age-dependent 
manner, while other calcium-channel antagonists had 
little or no effect. Nimodipine maximally increased the 
firing rate of hippocampal pyramidal cells at the same 
dose that previous work from our laboratory showed 
facilitated associative learning in aging rabbits 19. The 
activity of closely associated theta interneurons was 

decreased at the same dose and over the same time- 
course. These data support our working model that 
nimodipine enhances hippocampal function in aging 
animals. Changes in neuronal activity occur in the 
hippocampus during nimodipine treatment, and these 
changes are appropriate to those required in the context 
of behavioral learning. Nimodipine's alteration of neu- 
ronal activity, reaching a maximum of a 2-fold increase in 
the spontaneous firing of pyramidal neurons, is less than 
that observed during acquisition of a conditioned re- 
sponse by a young animal s, but is in the same direction 
and may be sufficient to allow further increases in activity 
in the context of learning. As seen, systemic administra- 
tion of nimodipine is sufficient to produce neurophysio- 
logically effective levels within the central nervous 
system, and to ameliorate age-associated behavioral 
deficits in rabbits 19"2°'75 and in rats 61'65. 

Until now, no studies of single-unit activity in the aging 
rabbit hippocampus comparable to those available for the 
r a t  3-5'39 have been reported. This study is the first to 

assess the effects of calcium channel blockade on single- 
unit activity in the aging rabbit. The current study is also 
the first to demonstrate that nimodipine has direct effects 
on hippocampal neurons in intact animals, and that these 
effects are similar to those seen in hippocampal neurons 
as a consequence of learning. Several lines of evidence 
are discussed below in support of a working model of 
hippocampal function in learning, and the effects of 

nimodipine on this model. 
Since nimodipine facilitates acquisition in aging rabbits 

but has no significant effect on acquisition of the 
conditioned response in an associative learning task in 
young rabbits 19, we compared its effects on unit activity 
across age groups. As the behavioral data predict, 
nimodipine produced less enhancement of hippocampal 
pyramidal neuron activity in young animals than in old. 
The dose-response curves for pyramidal neurons in the 
two age groups were similar in direction, although the 
slopes of the curves were exaggerated in aging animals 
(see Fig. 4). Since nimodipine's effects on theta inter- 
neurons were not age-dependent, nimodipine's behav- 
ioral effects may be mediated by pyramidal neurons. This 
interpretation is consistent with earlier work showing that 
changes in the firing of pyramidal cells but not of theta 
interneurons are strongly correlated with behavioral 
conditioning 8. A significant facilitation of learning by 
nimodipine in aging but not in young animals ~9 might be 
attributable to physiologically inadequate increases in 
pyramidal cell activity in young animals, or to ceiling 
effects in the behavioral measurements used. Using the 
non-specific calcium antagonist Mg 2+, different behav- 
ioral assays have revealed facilitation of learning in young 
as well as aging animals 45. Chronic feeding of Mg 2+ to 



rats also produced greater improvements in long-term 
frequency potentiation of aging hippocampal neurons (as 
compared to untreated aging controls) than in similarly 
treated young animals. Behavioral facilitation was seen in 
both age groups, although the greatest facilitation of 
maze learning was observed in aging rather than young 
animals. The high specificity of nimodipine for L-type 
calcium channels 64 and the more robust behavioral 19 and 
neuronal age-dependent effects reported for this agent 
than for non-specific blockers suggest that L-type chan- 
nels may be strongly affected by aging processes in the 
brain. 

Calcium plays a complex role in the regulation of 
cellular processes in the hippocampus. Pyramidal neu- 
rons possess regenerative calcium spikes 84, and active 
regions of dendritic membrane in these neurons also 
possess calcium channels 79. A number of calcium-depen- 
dent potassium currents (IK_ca2+) are involved in repo- 
larization of hippocampal neurons after action potential 
generation 1'31'34'41'42'47'66'74'85. The hippocampus is par- 

ticularly rich in binding sites both for dihydropyridine 
calcium-channel antagonists 63,67 and for apamin and 
charybdotoxin, antagonists of 2 classes of calcium- 
dependent potassium channels 53,73. Several theories as- 
sert that calcium-dependent cellular processes are dis- 
turbed in cells from aging animals 35'43'44. 

A working model of the neurobiological mechanism of 
nimodipine's behavioral actions is that peripherally ad- 
ministered nimodipine acts centrally. Its antagonism of 
neuronal L-type calcium conductance(s) would indirectly 
reduce the calcium-dependent slow-AHP in hippocampal 
pyramidal neurons of aging rabbits, similar to the AHP 
reductions observed in young hippocampal neurons after 
conditioning 17"21'23. Landfield and colleagues have shown 

that calcium currents are increased in hippocampal 
pyramidal neurons from aging rats, and that nimodipine 
reduces these currents more effectively in aging than 
young CA1 hippocampal neurons 12. Similarly, the slow 
AHP is increased in CA1 neurons from the aging rat 
hippocampus 46 compared to those seen in young hippo- 
campal neurons. It has been suggested that the learning 
deficits that accompany normal aging may be due to 
difficulty in modulating calcium-dependent responses at 
the cellular level in the hippocampus 35,43. Nimodipine has 
been shown to reduce the AHP of CA1 pyramidal 
neurons 54, and to reduce calcium currents in these 
neurons both in in vitro slices 12 and in acutely dissociated 
cells 9. Reduction of calcium currents and/or IK_ca2+ and 
a consequent reduction in the calcium-dependent AHP of 
pyramidal cells would lead to reduced spike accommo- 
dation, and an increase in firing rate 22,32. 

The data for pyramidal cells reported here are consis- 
tent with the mechanism of action outlined in the working 
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model described above. Further, a reduction in the firing 
rates of theta interneurons across the same range of doses 
of nimodipine is consistent with a central action of the 
drug, although the mode of action on these cells is 
unclear. Non-pyramidal interneurons in the CA1 region 
fire repetitive action potentials in response to depolariz- 
ing pulses and have a relatively brief AHP 37"38'62. The 

mechanism of nimodipine's reduction of interneuron 
firing rates reported here is not known, and the relatively 
small effects seen in the current data do not allow 
definitive conclusions to be drawn. The small magnitude 
of the decrease in theta cell activity may be related to the 
role of these cells in inhibitory feedback loops (at present 
poorly defined and understudied), and thus governed by 
mechanisms different from those acting on pyramidal 
cells. Until additional studies examining nimodipine's 
effects on non-pyramidal neuron membrane conduc- 
tances are carried out, the mechanism of nimodipine's 
effects on these cells remains unknown. Ongoing bio- 
physical studies in our laboratory are designed to address 
these and related issues 54. 

The current findings do not rule out other potential 
central sites of action of nimodipine, including cerebellar 
regions which appear to have great importance in certain 
conditioning paradigms 49,5°,78. Instead, they offer an 

additional piece of evidence indicating functional changes 
at the cellular level in the hippocampal region during 
nimodipine treatment which are consistent with earlier 
reports of changes at the cellular level during learning. 
The specific mechanism(s) of the changes, and the 
relation of changes in the hippocampus to changes in 
other regions both afferent and efferent to the hippo- 
campus, are conjectural. Similarly, the current findings 
do not rule out potential non-specific neural mechanisms 
related to changes in arousal levels, although past 
behaviora l  work  19 utilizing pseudoconditioned control 
animals indicates that behavioral responsivity is enhanced 
only to associative stimuli, rather than to randomly 
presented stimuli. The behavioral data thus suggest a 
much greater specificity of action of nimodipine upon the 
central nervous system than a change in general arousal 
levels. 

As seen in Fig. 5, the effects of BAY-K-8644, 
frequently used as a calcium-channel agonist, did not 
inversely mirror those of nimodipine. In. the case of 
pyramidal neuron activity, BAY-K-8644 slightly sup- 
pressed or had no effect on firing rates at lower doses, 
while the highest dose enhanced firing rates. Nimodipine, 
on the other hand, enhanced pyramidal cell firing rates at 
all doses tested. BAY-K-8644 is a racemic drug with 
mixed D- and L-isomers. It has been reported previously 64 
that at higher doses, BAY-K-8644 may have both agonist 
and antagonist effects, which may account for the mixed 
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effects observed across doses in the present  study. The 

effects of BAY-K-8644 on theta interneurones was the 

inverse of that  seen with nimodipine,  although only at a 

single dose.  The persistent  firing rate enhancement  of 

pyramidal  cells at the highest dose of BAY-K-8644 

tested,  lasting up to 1 h after drug infusion was 

terminated ,  cannot  present ly  be explained.  This persis- 

tence,  and the mixed effects across cell types described 

above,  indicate that further  study of calcium-agonist  

effects on h ippocampal  neuronal  activity in vivo is 

needed.  

Finally,  the possibili ty that some of the observed 

changes in neuronal  activity are a consequence of 

improved perfusion of the highly vascularized hippocam- 

pus should be addressed.  Many calcium antagonists have 

a direct dose-dependent  effect on cerebral  blood flow, 

which is the basis of many current  clinical uses of these 

agents. Nimodipine  is a potent  cerebral  vasodilator ,  and 

increases cerebral  b lood flow in a dose-dependent  

fashion 63. D o s e - r e s p o n s e  curves of nimodipine 's  effects 

in unanesthet ized rabbits  indicate that doses of 0.1 

/~g/kg/min of  intravenous nimodipine  increase cerebral  

b lood flow 2-fold, with an addit ional  40-50% increase 

found at a dose of 1.0 ktg/kg/min 33. It is, however,  

reasonable  to expect  that  blood-flow effects would be 

non-specific across cell types. The suppression of theta 

in terneuron firing across the same range of doses that 

enhanced pyramidal  neuron firing argues against a 
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