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Abstract

Numerous ablation studies indicate a critical role for the hippocampal system in establishing or consolidating certain types of memor
Normal aging manifests by selective neurobiological changes in the hippocampal formation and on performance of tasks that require
functional hippocampus, including retention of contextual fear conditioning. To determine if impairments in the consolidation proces:s
contribute to memory dysfunction in aging, middle-aged and aged rats were fear conditioned and subsequently received dorsal hippocam
lesions or sham surgery after a 1, 7, 14, or 28-day interval. During retention tests, middle-aged rats exhibited a temporally graded retrogre
amnesia of contextual fear conditioning, whereas aged rats manifested contextual memory impairments at all intervals. We postulate tl
the lack of consolidation in aged animals relates to previous findings of age-related changes in neuroanatomy and neurophysiologi
plasticity. The present findings suggest that impaired hippocampal consolidation contributes to age-related learning and memory defici
© 1999 Elsevier Science Inc. All rights reserved.
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1. Introduction unaffected [2,11,23,40]. The resilience of previously
learned behaviors after hippocampal damage indicates a
Selective changes in learning and memory abilities occur transient involvement of the hippocampus in memory reten-
during the natural course of aging in humans [13] and other tion. This transience suggests that a hippocampal-neocorti-
mammals. For example, aged rats perform well on tasks cal dialogue strengthens the neocortical memory trace over
requiring simple discriminations [6], but poorly on tasks time, making the hippocampus irrelevant by the end of the
requiring the integration of a large amount of spatial infor- process [10]. The mechanisms by which memory traces are
mation [4,16,29,33]. Rats’ age-related deficits in learning strengthened, and whether the strengthened traces are dis-
and memory are remarkably similar to the deficits found tributed across both the hippocampus and neocortex [25] or
after hippocampal damage [16]. For example, in a recent transferred from the hippocampus to the neocortex [15,24,
study [27] aged rats were tested on a battery of spatial and36] are still a subject of debate. Regardless, the behavioral
nonspatial tasks. Similarly to young rats with hippocampal findings taken together with neurophysiological evidence of
lesions, aged rats performed poorly on the spatial tasks.a hippocampal-neocortical dialogue [12,24,32] underscore
Aged rats, however, performed equivalently with young the importance of the hippocampus in retrograde amnesia.
intact rats on the nonspatial tasks. To examine the effects of aging on memory consolida-
Ablation to certain portions of the hippocampal system tion, the present study employed the dissociable simple and
interferes with retention of events that occurred in the days contextual learning that occurs during fear conditioning.
preceding the removal, yet usually leaves older memories Previous studies have found that hippocampal lesions dis-
rupted rats’ recognition of the background context, whereas
recognition of an explicit stimulus (such as a conditioned
¥ Thi_s research was supported by University of Connecticut Research tone) remained unaffected [2,30,31]. Furthermore, memory
Foundation Grant 441713 and NIH Grant R29-A613941-01AL. for the conditioning context shows hippocampus-related
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2760. consolidation. If ablation of the dorsal hippocampus occurs
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Fig. 1. Experimental procedure. Rats received two sessions of two tone-shock pairings separated by about 5 h; 1, 7, 14, or 28 days after conditionil
middle-aged and aged animals received sham or lesion surgery. Ten days later, a context retention test was conducted in the conditioning chamber.

following day the rats were tested for freezing in response to a novel chamber and to the conditioned tone.

a fear response when returned to the conditioning chamber.  On the day of conditioning, rats were placed in the shock
If, however, the hippocampus is ablated 14, 28, or 50 days chamber (28< 21 X 21 cm, Med Associates, East Fairfield,
after conditioning, the rat will remember the chamber and VT) for a 95-s exploratory period. A 35-s tone (70 dB) was
display a fear response when subsequently placed in thethen delivered, followed by a 2-s 0.4 mA shock generated
conditioning chamber [2,23]. by a scrambler (Lafayette Instruments, Lafayette, IN). Fol-
Aged rats show deficits in contextual fear Conditioning |owing another 95-s period’ the tone and shock were ad-
[9,21,27,38]. In a previous study from our laboratory [27], ministered again. Animals were returned to the colony room
young, middle-aged, and aged rats were fear conditioned inyntj| the procedure was repeated approximately five
a distinctive context. The animals were tested for retention 5,15 |ater. Thus, each animal received a total of 4
both 10 and 52 days after conditioning. Between the tWo y46_shock trials (see Fig. 1). The conditioning chamber

tests of retention, young rats’ contextual fear responses, -« cleaned with 70% ETOH between rats. Due to the
increased or remained stable, whereas almost all aged rat!f’arge number of animals, conditioning trials were stag-

showed a decline in levels of freezing. These data suggest

that an age-related decrease in the duration and/or efﬁciencyqered over three days.
of hippocampal consolidation could impede proper memory
formation. Due to the within-subject design of the previous
study, however, these data are merely suggestive. To deter-
mine if age-related memory deficits on complex configura-
tional/spatial tasks could be related to deficits in memory . . .
consolidation, the effect of dorsal hippocampal lesions on sham surgery. Animals in both groups were mounted into a

aged and middle-aged rats’ memory retention was explicitly stereotax_ic fra_me under sodium pentobarbital (Nembutal)
evaluated in the present study. anesthesia (middle-aged 40 mg/kg, aged= 30 mg/kg),

and methoxyflurane (Metofane) if necessary, to maintain
surgical anesthesia. A midline incision was made and the

2.3. Surgery

One, 7, 14, or 28 days after conditioning, rats received
either a bilateral electrolytic dorsal hippocampal lesion or

2 Materials and method scalp retracted. Two holes, 1-2 mm in diameter, were
drilled in the skull of all animals. Electrodes were lowered
2.1. Subjects into the dorsal hippocampus of each rat in the lesion group

in 2 locations bilaterally 3.1 mm posterior to Bregma,

Seventy-three aged (22 month) and sixty-four middle- i3:O mm lateral,—3.6 mm ventral to the surface of the
aged (9-10 month) F344 male retired breeders (Harlan Prain, and—3.1 mm posterior1.5 mm lateral,~3.3 mm
Sprague-Dawley, Indianapolis, IN) were individually Ventral). A 1.0 mA anodal DC current was passed for 15 s
housed in transparent plastic cages and maintained on dhrough each electrode (Grass Instruments Lesion Mak-
12-h light/dark cycle with lights off at 19:00. Both water €r). The stainless steel electrodes (0.33-mm diam.) were

and food were available ad lib. insulated with Epoxylite except for 0.5 mm at the tip.
Electrodes were not lowered into the brains of sham-
2.2. Fear conditioning operated rats.

Both skull holes were filled with bone wax and the
To familiarize the animals with the experimental proce- incision was closed with wound clips. Postoperatively, the
dure, each animal received three adaptation sessions over animals were kept on heating pads and monitored until
period of six days. Each session consisted of placing the ratambulatory, then administered acetaminophen (Infantaire)
in a novel chamber within a novel room for 2.5-4 min. and returned to the colony room.
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2.4. Retention current was slowly raised until a flinch was observed by an
experimenter blind to the level of current. Because of the

After a ten-day recovery period, context retention was variable nature of this behavior, the test was repeated five

examined by returning each rat to the original conditioning times and the median value was used as an index of each

chamber for a period of 95 s with no tone or shock admin- animal’s shock sensitivity.

istered. The following day, the animals were placed into a  All data were analyzed with the SPSS 8.0 statistical

different chamber in a novel room. The animals’ activity package

was monitored in the novel context for 95 s, after which the

conditioned tone was delivered for an additional 95 s (see

Fig. 1). To ensure novelty of the context, a chamber of 3. Results

comparable size (3% 22 X 20 cm) made of a different

material (clear Plexiglas not metallic), with a different shape  Ablations for the two rats with the greatest and smallest

(oval rather than rectangular) and odor (cleaned with soapextent of acceptable dorsal hippocampal damage are pre-

and water instead of alcohol) was used. sented in Fig. 2. Most rats received extensive damage to the
The first five seconds of data for the context retention, entire dorsal hippocampus and some showed damage to the

novel context, and tone retention were dropped to eliminate overlying cortex. Four aged and six middle-aged rats were

motion data unrelated to the fear response such as movedropped from the study because the CA1l and CAS3 fields

ment or postural changes in response to placement in thewere not bilaterally ablated. The lesion size of rats with

chamber. Freezing, defined here as the suppression of nonbilateral ablation to CA1 and CA3 was compared for the

respiratory-related movement, was used as a measure oflifferent groups to ensure that lesion extent did not influ-

fear. Rats emit this species-specific fear response whenence the results. A X 4 ANOVA found no effects on

subjected to inescapable shock [7,8]. Using a microwave lesion size of ageH(1, 42) = .60,p > 0.10], conditioning-

motion detection security system (Radio Shack, Fort Worth, surgery-interval (3, 42) = .54, p > 0.10], nor age by

TX) supplemented by video recordings; the rats’ move- conditioning-surgery-interval interactior-(3, 42) = .63,

ments were evaluated at 3-Hz. The degree of motion detec-p > 0.10].

tion sensitivity was adjusted to record small movements but  Three aged and six middle-aged rats were dropped from

not the animals’ heartbeat or respiration. The advantages ofthe study because they did not respond to all episodes of

fear conditioning in aging studies have been discussed pre-shock administration. Five aged rats and one middle-aged

viously [29]. rat died of natural causes between conditioning and reten-
tion. To ensure that sickness did not influence performance,
2.5. Histology the data from any rat that died within 2 weeks of testing

were not included in analysis. Table 1 presents the number
After the retention tests, the rats were deeply anesthe-of rats retained in each group and included in the statistical
tized with sodium pentobarbital (120 mg/kg) and perfused analysis.
with phosphate buffered EDTA solution followed by 3.7%
of buffered formalin. Brains were postfixed in buffered 3.1. Shock sensitivity
formalin then transferred to buffered sucrose solution, fro-
zen, and sliced into 3Pim sections in a cryostat. Every fifth Equivalent shock sensitivity was found for all groups
section was mounted on a gelatin-coated slide and stainedsee Fig. 3). A 2<x 2 ANOVA found no differences for age
with cresyl violet to assist in evaluation of the lesions. Each [F(1, 99) = .06, p > 0.10], surgeryF(1, 99) = 2.22,p >
hemisphere was assigned a value indicating the extent of0.10], nor age by surgery interactioR([L, 99) = .39,p >
dorsal hippocampal damage:=4 complete ablation of all ~ 0.10].
Cornus Ammon (CA) fields and the dentate gyrus=3
extensive damage to both the CAl and CAS fieldss2  3.2. Conditioning
partial damage to the CA fields, % minor damage to the
CA fields. The score for each hemisphere was combined There were no age-related differences in activity levels
yielding a total value with a possible range of 0—8. Only data during the initial 95 s before the tone or shock presentation
from rats with lesion values of 6 or higher were analyzed. (Fig. 4A, context conditioning trial 1). The data were ana-
lyzed with a 2X 4 repeated measures ANOVA that re-
2.6. Shock sensitivity vealed that during conditioning middle-aged rats froze more
to the context than aged rats(L, 106)= 17.09,p < 0.001].
Different levels of shock responsivity among groups Furthermore, a significant age by trial interaction was found
could cause disparate levels of freezing [19]. Accordingly, (Fig. 4A): [F(3, 318)= 118.6,p < 0.001]. Conversely, in
the rats were evaluated for possible effects of age or surgeryresponse to the tone middle-aged rats froze less than aged
on shock sensitivity. After the tone retention test, rats were rats [F(1, 106) = 16.89,p < 0.001] with an age by trial
placed individually into the conditioning chamber and the interaction (3, 318)= 12.48,p < 0.001] (Fig. 4B).
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Fig. 2. Coronal sections illustrate the dorsal hippocampus lesions. Lesion extent for the rats with the largest and smallest acceptable apumambpdhip
damage are shaded lightly and darkly, respectively, and superimposed on the corresponding coronal schematic [28]. Rats without bilateraCAamage to
and CA3 were not included in the behavioral analysis.

3.3. Retention surgery by conditioning-surgery-interval interactiof(3,
43) = 4.43,p < 0.01]. Middle-aged rats with hippocampal
3.3.1. Lesion effects—middle-aged rats lesions froze less than sham-operated animals. Hippocam-

A 2 X 4 ANOVA of contextual freezing revealed a main pal lesions resulted in lower levels of freezing at the 1- and
effect for surgeryf(1, 43)= 25.24,p < 0.001], condition- 7-day conditioning-surgery-intervals, but not at the 14- and
ing-surgery-interval (3, 43) = 6.89,p < 0.01], and a 28-day conditioning-surgery-intervals (see Fig. 5a).

In the novel context, lesioned and sham middle-aged rats
froze equivalently (1, 43) = 2.91,p > 0.10], and both

Table 1 _ showed higher levels of freezing at longer conditioning-
The number of rats in each group surgery-intervalsi(3, 43)= 8.38,p < 0.001] (Fig. 6a). For
Lesion Sham tone retention, a main effect was found for surgeffyl]

43) = 38.15, p < 0.001], conditioning-surgery-interval

. [F(3,43)= 7.48,p < 0.001], and surgery by conditioning-

X'g']icge'aged 63 97 g 67 : g 87 7 surgery-interval interactionF{3, 43) = 5.82,p < 0.01].
Middle-aged lesioned rats froze less than shams at all con-

Consolidation Interval 1 7 14 & 1 7 14 28
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Fig. 3. Levels of shock sensitivity by condition. Middle-aged and aged rats
with and without hippocampal lesions displayed equivalent levels of shock
responsivity. The dotted line at 0.4 mA indicates the level of shock
employed during conditioning.

ditioning-surgery intervals with the exception of the 14-day
interval [t(9) = 0.87,p > 0.10] (Fig. 6b).

3.3.2. Lesion effects—aged rats

Aged lesioned rats froze less in the conditioning context
than controls (1, 53) = 8.15,p < 0.01] regardless of the
conditioning-surgery-intervalF(3, 53) = .299,p > 0.10]
(Fig. 5b). Neither hippocampal lesionE([L, 53) = 1.74,
p > 0.10] nor length of conditioning-surgery-interva(B,
53) = 1.97,p > 0.10] had any effect on freezing in the
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3.3.3. Age effects

To investigate general aging effects on retention, middle-
aged and aged sham rats from each age group were com-
pared with a 2x 4 ANOVA. Aged rats showed less con-
textual freezing (1, 54) = 45.68,p < 0.001] and less
freezing in the novel contexf[1, 54) = 12.67,p < 0.01].
Additionally, an age by conditioning-surgery-interval inter-
action showed that middle-aged rats froze more to the novel
context at the longer conditioning-surgery-intervals whereas
aged rats showed low freezing at all intervadigd, 54) =
3.44,p < 0.05]. Freezing to the conditioned tone, however,
was equivalent for both age groups(l, 54) = .66, p >
0.10].

3.3.4. Relative freezing

Middle-aged animals froze more as the interval between
conditioning and placement in the novel chamber increased
(see Fig. 6a), possibly because of an increase in generalized
fear (discussed below). This general increase in levels of
freezing was corrected for by calculating the relative
amount of freezing to the context and tone fach rat
Relative contextual freezing was calculateddach animal
by dividing contextual freezing by the sum of contextual
and novel-chamber freezing. In the same way, relative tone
freezing was calculated for each animal by dividing tone
freezing by the sum of tone and novel-context freezing.
Consequently, a relative freezing value of 0.5 indicates
equal freezing, or a lack of discrimination, between the
conditioning chamber and the novel chamber, 0.66 equals 2

novel context (Fig. 6¢). During the tone retention test, aged times more freezing, and 0.75 equals 3 times more freezing

lesioned rats froze less than contrdi§1, 53) = 5.58,p <
0.05] (Fig. 6d).

CONTEXTUAL CONDITIONING

in the conditioning context than in the novel context.
The relative freezing values were analyzed withx24

TONE CONDITIONING
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Fig. 4. Proportion of time spent freezing to the tone and context before each shock administration. (a) Overall, middle-aged rats froze moee9&esing th

context exposures than aged rats. (b) Aged rats froze more during the 30-s tone presentations than middle-aged rats. The gap between the rsecond and
tone-shock pairing represents the five-hour interval that elapsed (see Fig.

respectively.

1). One or two asterisks indicate ttest{fg < 0.05 or (**) p < 0.01,
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discriminate between the novel and conditioning context

regardless of the conditioning-surgery-interval. Neither age

1.0 nor surgery affected the amount of relative freezing to the
- conditioned tone (see Fig. 7c and 7d).

CONTEXTUAL RETENTION

0.8 -
4. Discussion

4.1. Contextual fear conditioning trials and aging
During the conditioning trials, aged rats developed a fear

response to the context more slowly than middle-aged rats,
but froze to the tone more quickly. Such unequal levels of

02 7 © MIDDLE-AGED SHAM conditioning may be the source of the age-related retention
A * MIDDLE-AGED LESION deficits reported after a 24-h delay [38]. Conversely, other
0.0 L, : : r studies using a different conditioning procedure have found

that aged and young rats show equal levels of contextual
fear conditioning after a 7- or 10-day delay [9,27]. The
predictiveness/contingency values of the context and con-
08 ditioned stimulus influence the strength of conditioning to
each [34,35]. In both studies with age-related deficits in
conditioning to the context (present study, 38), the tone was

1.0

PROPORTION OF TIME SPENT FREEZING

06 - | a far better predictor of the shock than the context. In
contrast, the difference between the predictiveness of the
04 tone and context were smaller in the two studies where no

age-related deficits were found [9,27]. In both of these
studies, the animals received an equal ratio of placements
0.2 -| (in the conditioning chamber) and tones (i.e., after each
v AGED SHAM shock administration the animal was removed from the

B v AGED LESION i conditioning context). Taken together, these findings may
0.0 vt r 1 indicate that context conditioning in aged rats varies directly
1 7 14 28 with the relative salience and predictiveness of the contex-

tual conditioning procedure employed.
DAYS BETWEEN CONDITIONING AND SURGERY

Fig. 5. Proportion of time spent freezing during contextual retention tests

for rats with different conditioning-surgery intervals. (a) Middle-aged le-

sioned rats froze less than middle-aged sham operated rats at 1 and 7 days In the present study, aged rats with dorsal hippocampus

but equivalently at 14 and 28 days. (b) Aged lesioned rats froze less thanlesions showed a deficit in contextual retention, however

sham operated rats. One or Mo asterisks indicate two-thilest (*) p < they did not display the retrograde temporal gradient typi—

0.05 or (™) p < 0.01, respectively. cally exhibited by young animals. Instead, lesions produced
a general deficit in contextual retention regardless of the

ANOVAs. For middle-aged rats’ relative contextual freez- conditioning-surgery-interval for aged rats. Conversely,

4.2. Contextual retention

ing, a main effect was revealed for surgelf¢1, 43)= 5.53, middle-aged rats manifested a consolidation gradient simi-
p < 0.05] and a trend toward significance was found for the lar to previous studies [23]. Hippocampus lesions 1 or 7
surgery by conditioning-surgery-interval interactiof(3, days after conditioning caused deficits in contextual reten-

43) = 2.68,p = 0.059] (see Fig. 7a). A surgery effect was tion whereas lesions after 14 and 28 days had no effect.
found for aged rats’ relative contextual freezifgd1, 53) =

4.36,p < 0.05] with no surgery by conditioning-surgery- 4.3. Generalized fear

interval interaction (3, 53) = .37,p > 0.10] (see Fig. 7b).

As shown in Fig. 7, middle-aged lesioned rats with a con-  Middle-aged rats displayed only a mild fear response to
ditioning-surgery-interval of 1 or 7 days did not distinguish the novel environment when tested soon after the day of
between the conditioning and novel chambers. After 14 or conditioning; however, as the interval increased middle-
28 days of consolidation, however, high levels of relative aged animals displayed freezing to the novel environment at
contextual freezing suggest that middle-aged lesioned ratslevels approaching their fear response to the conditioning
did differentiate between the conditioning and novel cham- context. Aged rats, regardless of the interval length, showed
bers quite well. Conversely, aged lesioned animals did not only slightly lower levels of freezing to the novel environ-
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Fig. 6. Proportion of time spent freezing during novel context and tone retention tests for rats with different conditioning-surgery-injebuaisg(éhe

novel context tests, middle-aged lesioned and sham rats froze equivalently at all intervals, and levels of freezing increased at longeb)eriradsthe

tone retention, middle-aged lesioned rats froze less than middle-aged shams at 1, 7, and 28 days. (c) During the novel context tests, ageddesion and s
rats both showed similar low levels of freezing. (d) During tone retention, aged lesioned rats froze less than sham operated rats. One or timdiaaterisks
two-tailedt-test (*) p < 0.05 or (**) p < 0.01, respectively.

ment and conditioning context. The middle-aged rats’ in- example, the previous study [23] employed a blind observer
crease in generalized fear response is similar to previouswho sampled movement every eight seconds. The present
findings (compare Figs. 5a and 7a in ref. 27; see also 20). study employed computer controlled motion detectors that
There are several possible explanations for this phenom-sampled movement three times per second. Whereas control
enon. Because the shorter intervals are closer to the actuatats in the previous study [23] were recorded as freezing to
aversive conditioning event, the middle-aged rats may more the conditioning context about 50% of the time, the present
easily discriminate between the conditioning context and a controls were recorded as freezing about 90% of the time.
novel context, producing low levels of freezing in the novel The greater sensitivity of the present procedure may have
context. At the longer intervals, they may have lost their revealed effects that were overlooked by a human observer.
ability to discriminate between the conditioning chamber When corrected for this generalized fear effect by factoring
and the novel chamber, and thus show a high level of fear out freezing in the novel chamber with our relative freezing
to both environments. Conversely, the aged rats had diffi- index, middle-aged lesioned rats display a consolidation
culty distinguishing between the conditioning and novel effect only for the hippocampus-dependent context,
environments at even the short time intervals. whereas aged lesioned rats manifested a consistent deficit
A similar study [23] reported little freezing in the novel remembering the conditioning context at most intervals.
environment regardless of the time interval from condition-
ing. A possible source of these conflicting results is the age 4.4. Tone retention
of the animals, 3-3.5 months vs. approximately 10 months
old in the current study. In addition, both the procedure and  Hippocampal lesions produce less freezing during tone
the method by which freezing was evaluated differed. For retention for middle-aged and aged rats, and middle-aged
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Fig. 7. Relative freezing to the context and tone at the different conditioning-surgery-intervals. Relative contextual freezing was caldlildtidgby
freezing to the context by the sum of freezing to the conditioning context and freezing in the novel context. Relative tone freezing was calcifatkzd in a
manner. The dashed line at 0.5 indicates equal freezing to the conditioned stimulus and to a novel environment, i.e. no discrimination between the t
situations. (a) Middle-aged lesioned rats froze less to the context than shams at 1 and 7 days between conditioning and surgery but not at 14 and 28 d
(b) Middle-aged lesioned and sham rats froze equivalently to the tone. (c) Aged lesioned rats froze less to the context than sham rats. (d) Agexdilesione
sham rats froze equivalently to the tone. Symbols indicate two-tailest (T)p < 0.06, (*) p < 0.05, or (**) p < 0.01, respectively.

rats displayed a larger lesion effect at 1 day than at the paired consolidation process. This impairment may result
longer intervals. All of these lesion effects, however, were from morphological changes in the hippocampal formation
eliminated once the amount of freezing in the novel cham- during aging that could lead to an impoverished hippocam-
ber was taken into account (i.e., the relative freezing score pal-cortical dialogue. The number of perforant path fibers

for tone showed no effect of the lesion). from the entorhinal cortex to the dentate gyrus decreases
during aging [17,18]. These axons are the primary source of
4.5. Changes in consolidation over the lifespan cortical input to the hippocampus [1]. Therefore, a reduction

in this pathway would inevitably decrease the richness

The present study employed 10-month-old rats whereas aand/or variety of cortical information flowing into the hip-
previous study [23] employed 3 to/3month-old rats. In pocampus. An age-related decline in the quality of the
both studies, a similar consolidation function was found. inputs could lead to a higher probability of new sensory
This similarity suggests that through middle age the con- information ‘resetting’, or replacing previously stored hip-
solidation process remains largely stable, with changes oc-pocampal representations.
curring only during old age. Providing indirect support for Synaptic plasticity also decreases in the aged hippocam-
this hypothesis, a previous study [27] found no differences pus. For example, aged rats exhibit reduced frequency po-
in contextual fear retention or working memory errors be- tentiation in the dentate gyrus [14] and CAl [3,14,22].
tween young (4 month) and middle-aged (10 month) rats, Furthermore, synaptic changes in the hippocampus are less
whereas aged rats (24 month) showed deficits on both whenpersistent in aged rats: Long Term Depression is more

compared to the younger rats. easily induced [26], Long Term Potentiation dissipates
more rapidly [5,26], and animals with the fastest decay
4.6. Consolidation and aging show the largest spatial memory impairments [5]. Together,

these findings suggest that aging reduces the ability of the
The lack of temporally graded retrograde amnesia for the hippocampus to store and retain memories.
aged rats’ hippocampal-dependent retention suggests an im- The findings of a temporally graded retrograde amnesia
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after hippocampal damage have been interpreted in a num- [8] Bolles RC. Species-specific defensive reactions and avoidance learn-
ber of different ways. One approach posits a transient role __ ing- Psychol Rev 1970;71:32-48.

for the hibpocampus in establishing the memory trace in the [9] Brown JE, Hunt K, Markus EJ. Fear conditioning: the relative im-
PP P 9 y portance of local and distal spatial contextual environment. Soc Neu-

neocortex through changes in synaptic strength [15,24,37].  osci Abstr 1997:23:1609.

The results of the present study would suggest that the[10] Buzsaki G. The hippocampal-neocortical dialogue. Cerebr Cortex
ability of the hippocampus to transfer the memory trace to 1996;6:81-92. _

the cortex diminishes with age. An alternative approach of [11] Cho YH, Beracochea D, Jaffard R. Extended temporal gradient for

. . . . . the retrograde and anterograde amnesia produced by ibotenate ento-
memory formation views consolidation as a strengthening i/ cortex lesions in mice. J Neurosci 1993;13:759-1766.

of the joint neocortical-hippocampal memory trace with [12] chrobak J, Buzsaki G. High-frequency oscillations in the output
each reactivation of the memory [25]. Based on this ap- networks of the hippocampal-entorhinal axis of the freely behaving

proach, the present results could be interpreted to indicate  rat. J Neurosci 1996;16:3056-66. _
that age-related deficits in memory stem from a reduction in [13] Craik FIM, Jennings MH. Human memory. In: Craik FIM, Salthouse

h i f rei h . d . | TA, editors. Handbook of aging and cognition. Mahwah, NJ: Law-
the e ICacy O reinstatement or that, in agea animails, even rence Erlbaum Assoc., 1992. p. 51-110.

limited hippocampal damage is enough to completely dis- [14] de Toledo-Morrell L, Geinisman Y, Morrell F. Age-dependent alter-
rupt memory retrieval regardless of the length of consoli- ations in hippocampal synaptic plasticity: relation to memory disor-
dation. ders. Neurobiol Aging 1988;9:581-90.

. : [15] Eichenbaum H, Otto T, Cohen N. The hippocampus—what does it
The present experiments are the first, to our knowledge, do? Behav Neural Biol 1992:57:2.-36.

that explicitly Investigate memory co_n;ohdauon in aged [16] Gallagher M; Rapp P. The use of animal models to study the effects
rats. Whereas middle-aged rats exhibited the temporally of aging on cognition. Annu Rev Psychol. 1997;48:339-370.

graded retrograde amnesia associated with consolidation[17] Geinisman Y, Bondareff W, Dodge JT. Partial deafferentation of

aged rats with hippocampal lesions manifested no such neurons in the dentate gyrus of the senescent rat. Brain Res 1977;
L N L 134:541-5.

effect. This difference in hippocampal consolidation may s 34:541-5

. . . . ] Geinisman Y, deToledo-Morrell L, Morrell F. Hippocampal mark-
underlie human memory deficits in normal aging and in ers of age-related memory dysfunction: behavioral, electrophysi-

Alzheimer's disease. ological and morphological perspectives. Prog Neurobiol 1995;45:
223-52.
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ditional response to foot shock in the rat: measurement of the activity
burst with the use of computer-based image analysis. Soc Neurosci
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