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Research

Reversible hippocampal lesions disrupt water maze
performance during both recent and remote

memory tests

Nicola J. Broadbent,? Larry R. Squire,’*** and Robert E. Clark'-#>

"Veterans Affairs Medical Center, San Diego, California, 92161, USA; 2Department of Psychiatry, *Department of Neurosciences,
and *Department of Psychology, University of California, San Diego, California, 92093, USA

Conventional lesion methods have shown that damage to the rodent hippocampus can impair previously acquired
spatial memory in tasks such as the water maze. In contrast, work with reversible lesion methods using a different
spatial task has found remote memory to be spared. To determine whether the finding of spared remote spatial
memory depends on the lesion method, we reversibly inactivated the hippocampus with lidocaine either immediately
(0-DAY) or I mo (30-DAY) after training in a water maze. For both the O-DAY and 30-DAY retention tests, rats that
received lidocaine infusions exhibited impaired performance. In addition, when the O-DAY group was retested 2 d
later, (when the drug was no longer active), the effect was reversed. That is, rats that had previously received
lidocaine performed as well as control rats did. These findings indicate that the rodent hippocampus is important for
both recent and remote spatial memory, as assessed in the water maze. What determines whether remote spatial
memory is preserved or impaired following disruption of hippocampal function appears to be the type of task used
to assess spatial memory, not the method used to disrupt the hippocampus.

Bilateral damage to the hippocampal region (the CA fields, den-
tate gyrus, and subicular complex) in both humans and experi-
mental animals results in retrograde amnesia, that is, loss of
memories that were acquired before the onset of amnesia (Squire
et al. 2001; Manns et al. 2003). Typically, retrograde amnesia is
temporally graded such that remote memories are spared relative
to memories that were acquired more recently. In the human,
spared remote memory has also been demonstrated for knowl-
edge of routes and locations learned early in life (Teng and Squire
1999). However, spared remote memory following lesions of the
hippocampal region (referred to hereafter as the hippocampus)
has yet to be observed in the rodent, when training is conducted
in the water maze or in similar spatial tasks (Bolhuis et al. 1994;
Mumby et al. 1999; Sutherland et al. 2001; Clark et al. 2005a,b;
Martin et al. 2005). For example, we recently assessed spatial
memory in rats by using the standard water maze task and two
related tasks of spatial memory (a dry-land version of the water
maze, the Oasis maze [Clark et al. 2005a], and the annular maze
[Hollup et al. 2001]). In all three tasks, animals with large, bilat-
eral hippocampal lesions were similarly impaired in tests of re-
cent and remote memory, even after training-surgery intervals as
long as 14 wk (Clark et al. 2005a). In the standard water maze,
impairment was also observed when rats were trained extensively
for 69 d beginning early in life before receiving hippocampal
lesions after a delay of 100 d (Clark et al. 2005b).

Recent studies with techniques to inactivate the hippocam-
pus reversibly have yielded different results. Maviel and col-
leagues (2004) reported preserved remote spatial memory in mice
following training in a radial maze. In that study, mice were
trained to discriminate a single target arm from four alternative
arms. Lidocaine infused into the dorsal hippocampus disrupted
spatial memory for the trained arm when it was infused 1 d after
training but not when it was infused 1 mo after training. Further,

SCorresponding author.

E-mail reclark@ucsd.edu; fax (858) 534-1569.

Article and publication are at http://www.learnmem.org/cgi/doi/10.1101/
Im.134706.

13:187-191 ©2006 by Cold Spring Harbor Laboratory Press ISSN 1072-0502/06; www.learnmem.org

imaging of the activity-dependent, immediate early gene Zif268
(Egrl) during retention testing revealed less induction of hippo-
campal Zif268 during the 1-mo test than during the 1-d test
(Maviel et al. 2004). Both these findings are consistent with the
idea that remote spatial memory in rodents is less dependent on
the hippocampus than recent spatial memory.

It is unclear why remote spatial memory was preserved
when hippocampal function was disrupted reversibly (Maviel et
al. 2004) but impaired when hippocampal function was dis-
rupted by permanent lesions (Mumby et al. 1999; Sutherland et
al. 2001; Clark et al. 2005a,b; Martin et al. 2005). One possibility
is that permanent hippocampal lesions have some chronic effect
on brain circuitry (such as progressive damage to structures re-
mote to the hippocampus) that does not occur following tempo-
rary, reversible inactivation (Lomber 1999). Another possibility
is that tasks such as the water maze have unique characteristics
that distinguish them from other spatial tasks such as the five-
arm maze used by Maviel et al. (2004). If so, then reversible in-
activation of the hippocampus by lidocaine might spare remote
memory in the five-arm maze, as reported by Maviel et al. (2004),
but not spare remote memory of the platform location in the
water maze. To test these possibilities, we trained rats in the
standard water maze, and then, either a few hours or 1-mo later,
we gave a retention test after infusing lidocaine (or artificial ce-
rebral spinal fluid [aCSF]) into the dorsal hippocampus.

Results

Histology

Figure 1 illustrates the tip location of the internal (injection)
cannulae for each of the four experimental groups (0-DAY aCSF,
n =20; 0-DAY lidocaine, n = 20; 30-DAY aCSF, n =19; 30-DAY
lidocaine, n = 19). The tips of the internal cannulae were consis-
tently located within the dorsal hippocampus. All rats had dam-
age to the cortex overlying the injection sites due to the place-
ment of the guide cannula.
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Figure 1. Schematic representation of injection sites in the dorsal hip-
pocampus for each of the four groups (0-DAY aCSF, 0-DAY lidocaine,
30-DAY aCSF, 30-DAY lidocaine). Each black dot shows the injection site
for a single cannula per animal.

-3.80 mm

Acquisition

Figure 2A shows acquisition of the hidden platform location by
each group during the 10 daily training sessions. Memory for the
platform location was measured by 60-sec probe trials that were
given at the beginning of each session. All groups learned the
platform location to a similar degree (time in training quadrant
during the final probe trial; 0-DAY lidocaine, 58.3% =+ 4.1%;
0-DAY aCSF, 57.9% = 3.6%; 30-DAY lidocaine, 55.5% = 3.2%;
30-DAY aCSF, 58.7% + 3.2%). Each of these scores was well
above the chance level of 25% (ts > 8.0, Ps < 0.0001). We also
assessed learning by determining the percentage of time that
animals spent in a small zone centered on the hidden platform
location (diameter = 30 cm, 4.0% of the water surface). Average
performance on the final probe trial for each of the four groups
ranged from 17% to 18.7%, and these scores were well above the
chance value of 4% (ts > 7.5, Ps < 0.0001) and did not differ from
each other (ts < 0.9, Ps > 0.5).

Figure 2B shows the time taken to reach the hidden platform
on each training day. All the groups learned to escape to the
hidden platform at a similar rate during training. The latency to
escape to the hidden platform on the final session of training was
equivalent for the four groups (0-DAY lidocaine, 6.0 + 0.5 sec;
0-DAY aCSF, 5.5 + 0.2 sec; 30-DAY lidocaine, 5.2 = 0.2 sec; 30-
DAY aCSF, 7.1 = 1.0 sec; Fj3 74 = 2.2, P=0.1).

<
S

P =0.8). Planned comparisons revealed that the lidocaine group
was impaired relative to the aCSF group at both retention inter-
vals (0-DAY, 38.3% =+ 3.0% vs. 54.0% =+ 3.2%; 30-DAY,
45.1% = 3.9% vs. 58.7% =+ 4.2%; ts > 2.4, Ps < 0.05), although
all groups spent more time in the training quadrant than would
be expected by chance (chance = 25%; ts > 4.5, Ps < 0.001). Swim
paths during the retention test for representative animals in each
group are shown in Figure 3B.

We also assessed retention by determining the time spent by
each group in the small training zone centered on the hidden
platform (4% of total area). An ANOVA with retention interval
(0-DAY vs. 30-DAY) and drug (lidocaine vs. aCSF) as factors re-
vealed an effect of drug (F; ;4 =14.7, P <0.001) and delay
(Fj1,74) = 4.4, P <0.05), but no drug X delay interaction
(Fj1,749=0.8, P=0.8). Planned comparisons revealed that the
aCSF group spent more time than did the lidocaine group in the
small training zone for the 0-DAY test (15.4% = 1.8% vs.
6.4% + 1.5%; tj35) = 3.8, P < 0.001), and marginally more time in
the small zone on the 30-DAY test than did the lidocaine
group (17.8% =+ 2.4% vs. 12.1% =+ 1.9%; tj35 =1.9, P =0.07).
Furthermore, with the exception of the 0-DAY lidocaine group
(t=1.6, P=0.1), the 0-DAY and 30-DAY aCSF groups and the
30-DAY lidocaine group spent more time in the training zone
than would be expected by chance (chance = 4%; ts> 4.2,
Ps <0.001).

Finally, we calculated the number of times each animal en-
tered the small target zone during the 1-min probe trial. Animals
in the 30-DAY lidocaine group averaged 4.9 += 0.5 entries into
the small target zone, and animals in the 30-DAY aCSF group
averaged 7.7 = 0.8 entries into the small target zone (t34 = 2.9,
P <0.01). The same pattern was found with the 0-DAY groups
(0-DAY aCSF, 6.5 + 0.6; 0-DAY lidocaine, 3.6 + 0.7; tj35 = 3.21,
P <0.01).

Retest
Two days after the 0-DAY retention test, the lidocaine and aCSF
groups were retested by giving a single reinforced probe trial
(Fig. 4). The lidocaine group and the aCSF group performed simi-
larly (time in the training quadrant = 52.5% * 5.3% vs.
56.0% = 3.2%; fj35 = 0.6, P =0.6). Furthermore, the perfor-
mance of the aCSF group at the 0-DAY test and at retest was
similar (54.0% vs. 56.0%; t = 0.6, P = 0.6), despite the fact that at
retest there was no vehicle infusion. Thus, the infusion procedure
did not affect performance. In contrast to the aCSF group, the
performance of the lidocaine group was better than when testing
occurred just after drug infusion (52.5% =+ 5.3% vs.
38.3% =+ 3.0%, tj;o; = 2.1, P <0.05). Swim paths for representa-
tive animals in each group are shown in Figure 4B.

The findings were identical when performance was assessed
by the time spent in the small training zone (lidocaine retest,
17.1% =+ 2.6% vs. aCSF retest, 16.6% + 1.7%, t;35; = 0.2, P> 0.8;

Spatial memory retention BT B O DDAV G0,
The percentage of time spent in the Ezz 2: ~A— 30-DAY aCSF (n=19)
training quadrant on the 0-DAY and 30- 8 55 il 1 ZODQZYLS;’(‘;::“‘EE(’(‘:Z?’Q)
DAY retention tests is shown in Figure 9 50 T

3A. An ANOVA with retention interval Z 4 z

(0-DAY vs. 30-DAY) and drug (lidocaine E 2‘5’ I O BORY R ER g

vs. aCSF) as factors revealed that the li- % wl A -~ 30-DAY aCSF (n=19) aall

docaine group spent less time in the F sl & : EODQZYL'LE";’;‘:“;;::’; sk

training quadrant than did the aCSF 20 0

group (F|; 74y = 16.7, P <0.0001). There v e R

was no effect of retention interval
(Fj1,74y=2.6, P=0.1) and no retention
interval X druginteraction (F}; ;4 = 0.91,
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Figure 2. Acquisition of spatial memory in the water maze. (A) Percentage of time spent in the
training quadrant on each of ten 60-sec daily probe trials. Chance = 25%. (B) Average latency to
escape to the hidden platform on each of the 10 daily training sessions. Parentheses show SEM.


http://www.learnmem.org

Downloaded from www.learnmem.org on April 28, 2006

Hippocampal inactivation and spatial memory

B

~
o

A [ acsF
I LIDOCAINE

I 0-DAY TEST

o
=]

T
—

o
o
T

*%

TIME IN TRAINING
5

QUADRANT (%)

w
[=]
T

RETENTION INTERVAL

Figure 3. (A) Performance of the aCSF and lidocaine groups on probe trials given 0 or 30 d after the
completion of training. Chance = 25%. Parentheses show SEM. Asterisks denote that the lidocaine
group was different from the aCSF group (**P < 0.01, *P < 0.05). (B) Swim paths for representative
animals that received either lidocaine or aCSF infusions prior to the 0-DAY or 30-DAY retention tests.
The training quadrant appears in dark gray. Percentages in parentheses refer to the percentage of time

spent in the training quadrant.

aCSF retest, 16.6% *+ 1.7% vs. 0-DAY aCSF, 15.4% =+ 1.8%;
t10)= 0.6, P> 0.5; lidocaine retest, 17.1% * 2.6% vs. 0-DAY li-
docaine, 6.4% * 1.5%; t;;o; > 3.2, P<0.01). Thus, the perfor-
mance of the lidocaine group returned to normal levels once the
drug was no longer active. Lidocaine infusion did not permanently
disrupt spatial memory but temporarily impaired its expression.

Discussion
Inactivation of the hippocampus with lidocaine either 4-5 h or 1
m after training impaired memory of a previously learned plat-
form location in the water maze. Further, memory returned to
control levels when the 0-DAY retention group was retested after
the effects of the lidocaine had dissipated. These findings suggest
that temporary inactivation of the hippocampus did not perma-
nently disrupt spatial memory but rather prevented its expres-
sion. Impaired memory has also been reported in the water maze
following infusion of an AMPA/Kainate receptor antagonist (a
CNQX analog) into the dorsal hippocampus (Riedel et al. 1999;
Micheau et al. 2004). In those studies, hippocampal function was
briefly inactivated during a single, 60-sec probe test conducted 16
d after the completion of training. Our study extends these find-
ings by showing that hippocampal inactivation also impairs the
retention of spatial memory in the water maze when the train-
ing-inactivation interval is extended to as long as 30 d.
Taken together, the available data
indicate that reversible disruption of
hippocampal function by lidocaine, or

LIDOCAINE aCSF

(37.9%)

30-DAY TEST @ @
20
0 DAY 30 DAY

(37.8%)

INACT IVATION

The idea that retention of spatial
memory following hippocampal lesions
can vary depending on what spatial
memory task is used is not itself new (for
discussion of these issues, see Clark et al.
2005a). Briefly, studies that trained ani-
mals on simple spatial discriminations
between either two or three adjacent
arms of a maze have found remote spa-
tial memory to be spared after hippo-
campal or entorhinal cortex lesions
(Cho et al. 1993; Cho and Kesner 1996;
Ramos 1998). Similarly, Maviel et al.
(2004) trained mice to identify the cor-
rect arm in a five-arm maze and found
spared remote spatial memory after infu-
sion of lidocaine into the hippocampus.
They suggest that cortical areas, including
prefrontal cortex and anterior cingulate
cortex, take on greater importance as time
passes after learning.

In contrast, remote spatial memory has been found to be
impaired after disruption of the hippocampus, whether by per-
manent lesions or by lidocaine, when the task requires the ani-
mal to move through space and then identify a particular loca-
tion (in tasks such as the water maze, the Oasis maze, or the
annular maze) (Mumby et al. 1999; Riedel et al. 1999; Sutherland
et al. 2001; Micheau et al. 2004; Clark et al. 2005a,b; Martin et al.
2005; the present study; for a possible example of spared remote
spatial memory in a task of this type, see Kubie et al. 1999). One
possible reason why remote spatial memory is impaired in such
tasks following hippocampal lesions is that memory is not avail-
able in sufficient detail to enable animals to identify a particular
location in space, but sufficient memory is available to enable
them to discriminate between the arms of a maze. In spatial
discrimination tasks, in contrast to the water maze, only baited
maze arms need be spatially identified, and the trial ends when
the animal selects an arm. These features of spatial discrimina-
tion tasks may make them less demanding.

Another possibility is that the demands of moving through
space and maintaining a representation of the current location
requires new learning and that this learning is dependent on the
hippocampus. Perhaps an animal must continually update its
position in space in order to express a specific spatial memory
(Knowlton and Fanselow 1998). Accordingly, an animal may
have intact remote spatial memory but be unable to express the

(53.6%)

(59.2%)

INACTIVATION

by a CNQX analog, impairs remote spa- °

tial memory in the water maze (Riedel et
al. 1999; Micheau et al. 2004; the present
study). In contrast, disruption of hippo-
campal function by lidocaine does not
disrupt remote memory in a spatial dis-
crimination task (Maviel et al. 2004). Be-
cause both we and Maviel et al. (2004)
used lidocaine to test spatial memory at

60
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1 mo after learning, neither the method 20
used to disrupt hippocampal function
nor the training-inactivation interval
can account for the contrasting results.
Accordingly, we considered the possible
importance of the kind of spatial
memory task used in these and other
studies.

TRAINING
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(56.5%)

(32.2%) (63.5%)

Figure 4. (A) Spatial memory performance of the 0-DAY aCSF and lidocaine groups on the final
probe trial of training (training), on the probe test 5 min after drug infusion (test), and on the probe
trial given 2 d later (retest). The gray bar indicates the time that the drug was active. Chance = 25%.
Parentheses show SEM. Asterisk denotes impairment relative to the aCSF group (P < 0.05). (B) Swim
paths during training, during the test, and during the retest for representative animals that received
lidocaine or aCSF infusions 5 min prior to the 0-DAY retention tests. The training quadrant appears in
dark gray. Percentages in parentheses refer to the percentage of time spent in the training quadrant.
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memory due to the performance requirements of the test. Note,
for example, that the severely amnesic patient E.P. could describe
in considerable detail how to navigate the neighborhood in
which he grew up (Teng and Squire 1999). However, one would
not expect him to be able to do as well if he were asked to express
his knowledge by walking through his town. Due to the time
constraints of physically traveling compared with mentally trav-
eling, he would continually forget where he is and where he had
just been.

The present findings demonstrate that impaired remote spa-
tial memory in the water maze following disruption of hippo-
campal function is not peculiar to studies using permanent hip-
pocampal lesions. Impaired remote spatial memory is also ob-
served when hippocampal function is reversibly disrupted. The
critical variable determining whether remote spatial memory is
preserved or impaired following disruption of hippocampal func-
tion appears to be the type of task used to assess spatial memory.
Accordingly, it is premature to confer special status on spatial
memory in discussions of rodent hippocampal function.

Materials and Methods

Subjects

The subjects were 78 male, Long-Evans rats weighing 300-350g
at the beginning of the study. Rats were housed individually and
maintained on a 12-h light/12-h dark cycle. Food and water were
available ad libitum. Prior to training, rats were implanted with
guide cannulae in the dorsal hippocampus.

Surgery and histology

Anesthesia was maintained throughout surgery with isoflurane
gas (0.8%-2.0% isoflurane delivered in O, at 1 L/min). The rat
was placed in a stereotaxic instrument (Kopf Instruments), and
the incisor bar was adjusted until bregma was level with lambda.
Sterile 22-gauge, stainless steel guide cannulae (Plastics One Inc.)
were implanted bilaterally into the dorsal hippocampus (milli-
meters from bregma, AP = —4.3, ML = £3.5, DV = —2.0) (Paxi-
nos and Watson 1998). Anchoring screws and dental acrylic se-
cured the guide cannula to the skull. The skin was approximated
around the implant and sutured in place. At completion of sur-
gery, a dummy cannula (Plastics One Inc.) was inserted into each
guide cannula to maintain patency. Each rat received Baytril
(Bayer Corporation) antibiotic for prophylaxis against infection
(0.1 mL subcutaneously for 2 d). All rats were given at least 7-d
recovery before water maze training began.

At completion of testing, the rats were administered an over-
dose of sodium pentobarbital and perfused transcardially with
buffered 0.9% NacCl solution followed by 10% formaldehyde so-
lution (in 0.1 M phosphate buffer). The brains were then re-
moved and cryoprotected in 20% glycerol/10% formaldehyde.
Coronal sections (50 pm) were cut with a freezing microtome
beginning at the level of the anterior commissure and continuing
caudally through the length of the hippocampus. Every fifth sec-
tion was mounted and stained with thionin to verify the cannula
placements within the dorsal hippocampus.

Infusion protocol

Prior to the infusion, each dummy cannula was removed, and
28-gauge internal cannulae were inserted until the tips extended
1.5 mm beyond the end of the guide cannulae at a depth of 3.5
mm below the level of bregma. Two microliters of either aCSF
(Harvard Apparatus) or 4% lidocaine hydrochloride solution (in
aCSF; Sigma-Aldrich) was then delivered at a rate of 1 uL/min by
a dual syringe pump (Model 11 plus; Harvard Apparatus). The
spread of lidocaine inactivation has been well characterized and
can be estimated with an established formula based on injection
volume (Tehovnik and Sommer 1997). A 2-uL injection of lido-
caine will produce a spherical area of inactivation of 2.0 mm
emanating from the cannulae tips. At the completion of infu-
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sion, the internal cannulae were left in place for 60 sec. Testing
began 5 min after removal of the internal cannula.

Apparatus

Testing was conducted in the Morris water maze (diameter, 1.8
m) with an “Atlantis Platform” (diameter = 12.7 cm) (Spooner et
al. 1994), which could be raised or lowered remotely. The plat-
form was located in the center of the northeast quadrant of the
pool throughout spatial testing. The water was rendered opaque
by the addition of powdered milk, and the room was illuminated
by four 30-W spotlights pointed at a white ceiling. The water was
maintained at room temperature (~23°C). The testing room con-
tained a number of constant, salient visual cues (posters, objects,
and equipment), and an opaque curtain shielded the experi-
menter from the rat once a trial began. A video camera was
mounted on the ceiling directly above the pool and was used, in
conjunction with a video tracking system (San Diego Instru-
ments), to record the swim path of each rat.

Procedure

Spatial training

Rats received one training session each day for 10 d. Each daily
session began with a single reinforced probe trial, followed by
four training trials. For the probe trials, the platform was lowered
so that it was inaccessible, and the rat was placed in the water
facing the pool wall at one of four start points (north, south, east,
or west). The start points were counterbalanced across trials for
all animals. Upon release into the water, the rat was allowed to
swim for 60 sec, at which point the platform was raised to within
1.5 cm of the water surface. An additional 60 sec were then al-
lowed for the rat to locate the platform and escape from the
water. After escaping, the rat remained on the platform for 30 sec
before being removed. If the rat failed to escape, it was guided to
the platform and remained there for 30 sec.

After completion of the daily probe trial, four training trials
were given with the platform in the raised position (1.5 cm below
the water surface) so that it provided a means of escape from the
water. The procedure was the same as for the probe trials, except
that the rat was allowed 120 sec to find the platform. Prior to
training sessions 2, 4, 7, and 9, sham infusions were given in
order to acclimate rats to the infusion procedure. The sham in-
fusion procedure was identical to that used on the test day with
the exception that no drug or vehicle was delivered. On comple-
tion of training, rats were assigned to an immediate retention test
group (0-DAY) or a delayed retention test group (30-DAY), and
also to a drug condition (aCSF or lidocaine) such that the average
percentage of time spent in the training quadrant on sessions 9
and 10 was equivalent for all four groups.

Immediate (0-DAY) retention test

Four to five hours after the completion of the final training ses-
sion, rats were infused with either 4% lidocaine (n = 20) or with
aCSF (n =20) and were given a single, 60-sec reinforced probe
trial. Two days after the test, rats were given another 60-sec re-
inforced probe trial but no drug or vehicle was infused.

Remote (30-DAY) retention test

On completion of training, rats were returned to the colony for a
30-d interval. Twice a week during the delay period, sham infu-
sions were given to acclimate rats to the handling and infusion
procedure. At the end of the 30-d delay, rats were infused with
4% lidocaine (n =19) or aCSF (n =19) and then given a single,
60-sec reinforced probe trial.
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