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Prefrontal cortex and hippocampus subserve
different components of working memory in rats
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Both the medial prefrontal cortex (mPFC) and hippocampus are implicated in working memory tasks in rodents.
Specifically, it has been hypothesized that the mPFC is primarily engaged in the temporary storage and processing of
information lasting from a subsecond to several seconds, while the hippocampal function becomes more critical as
the working memory demand extends into longer temporal scales. Although these structures may be engaged in a
temporally separable manner, the extent of their contributions in the “informational content” of working memory
remains unclear. To investigate this issue, the mPFC and dorsal hippocampus (dHPC) were temporarily inactivated via
targeted infusions of the GABA, receptor agonist muscimol in rats prior to their performance on a delayed
alternation task (DAT), employing an automated figure-eight maze that required the animals to make alternating
arm choice responses after 3-, 30-, and é0-sec delays for water reward. We report that inactivation of either the
mPFC or dHPC significantly reduced DAT at all delay intervals tested. However, there were key qualitative
differences in the behavioral effects. Specifically, mPFC inactivation selectively impaired working memory (i.e., arm
choice accuracy) without altering reference memory (i.e., the maze task rule) and arm choice response latencies. In
contrast, dHPC inactivation increased both reference memory errors and arm choice response latencies. Moreover,
dHPC, but not mPFC, inactivation increased the incidence of successive working memory errors. These results suggest
that while both the mPFC and hippocampus are necessarily involved in DAT, they seem to process different
informational components associated with the memory task.

Working memory is generally defined as cognitive entities (or
“central executive” mechanisms) relating to temporary storage
and operation of information in both humans and animals (Bad-
deley and Hitch 1974; Goldman-Rakic 1996; Fuster 2001; Dud-
chenko 2004). The memory may be about simple sensory stimu-
lus, relatively complex objects, or spatial location (Olton et al.
1979; Delatour and Gisquet-Verrier 1996; Floresco et al. 1997;
Hampson et al. 1999). Evidence from primate studies originally
implicated the prefrontal cortex (PFC) as being crucial for work-
ing memory (Baddeley 1986; Goldman-Rakic 1987; Miller et al.
1991). For instance, damage to the PFC produces impairments in
various working memory tasks in humans and non-human pri-
mates (Kolb 1990; Fuster 1997; Stuss and Alexander 2000). Addi-
tionally, recording and brain imaging studies found neural activ-
ity correlates of working memory, i.e., increased PFC activity dur-
ing the delay period (Fuster and Alexander 1971; Kubota and Niki
1971; Funahashi et al. 1989).

In rodents, a delayed alternation task (DAT; employing T,
radial-arm, and figure-eight mazes) has been widely used to fur-
ther investigate the PFC-working memory hypothesis (Murphy
et al. 1996; Zahrt et al. 1997; Baeg et al. 2003, 2007; Schoenbaum
et al. 2003; Birnbaum et al. 2004; Clinton et al. 2006). In this task,
the animal is typically cued (via a discrete or spatial stimulus) to
make a choice response to obtain a reward, but is prevented from
responding until after some delay period (or working memory
demand) has been imposed. While the PFC is critically involved,
the hippocampus has also been implicated in working memory
tasks, particularly with long delays (Lee and Kesner 2003). Con-
sistent with this view are findings from delayed (non)matching-
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to-sample tasks, where hippocampal lesions produce mild/no
performance deficits at short delays but induce pronounced dis-
ruptions as the delay is extended (Scoville and Milner 1957; Jar-
rard 1993; Eichenbaum 2000; Maruki et al. 2001). Other studies,
however, have shown that the hippocampus is important even
for short-delay working memory tasks (Kesner et al. 1996; Hamp-
son et al. 1999).

Anatomically, the PFC is directly connected to the ventral
hippocampus and indirectly connected to the dorsal hippocam-
pus via the thalamus (Ferino et al. 1987; Laroche et al. 2000;
Thierry et al. 2000). Although there are longitudinal connections
between the ventral-dorsal poles of the hippocampus (Amaral
and Witter 1995), the lack of monosynaptic projections between
the PFC and the dorsal hippocampus, a region implicated in spa-
tial information processing (Moser et al. 1993), suggests that per-
haps they belong to separate and parallel memory systems par-
ticipating in spatial working memory tasks. If the PFC and the
hippocampus are indeed engaged in processing similar informa-
tion but in different temporal domains, then damage to either
structure should produce relatively time-specific deficits in work-
ing memory performance. Alternatively, if the PFC and the hip-
pocampus contribute to qualitatively different aspects of the
memory task (but overlap in temporal domain), damaging either
structure should similarly disrupt working memory performance.
Thus, the present study sought to further explicate the roles of
the PFC and hippocampus in working memory by employing a
computer vision-based figure-eight maze (Fig. 1; Pedigo et al.
2006). In brief, this maze provides automated animal tracking,
working memory delays, and reward delivery. Thus, the maze
does not require experimenter—subject interaction during shap-
ing, training, and testing (Fig. 2). The maze automation also en-
ables examination of a number of behavioral variables that have
not been measured in previous studies. We report that inactiva-
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Figure 1. Schema of the automated figure-eight maze. The four gates
are raised and lowered (from the maze surface) and water is delivered (at
three reward locations) under computer control.

tion of either the PFC or the hippocampus profoundly impairs
working memory performance, but the impairments are pro-
duced by interrupting different informational contents associ-
ated with DAT rather than differentially affecting delay times.

Results

Histology

Ten animals had guide cannulae bilaterally placed both within
the borders of the mPFC (prelimbic and infralimbic areas; Fig. 3A)
and dHPC (Fig. 3B). Because two rats had cannulae incorrectly
placed in the mPFC (but correctly placed in the dHPC) and be-
cause three other rats had inoperative guide cannulae only in the
dHPC, the results from these animals were included for the dHPC
and mPFC data analyses, respectively.

Behavior

Microinfusions of muscimol into either the mPFC (MUSC-mPFC)
or dHPC (MUSC-dHPC) significantly impaired the performance
on the DAT (Fig. 4). For mPFC infusion data, ANOVA with re-
peated measures on two factors (cf. Winer et al. 1991), with drug
(ACSF and MUSC) and delay (3-, 30-, and 60-sec) as repeated
measures, revealed significant main effects of drug
(Fa,12)=123.38, P < 0.001) and delay (F(,, 4y = 12.38, P < 0.001),
but not significant drug X delay interaction (F ,4, = 1.87,
P =0.18). For dHPC infusion data, there was a significant main
effect of drug (F; 1,, = 155.04, P < 0.001), but neither main effect
of delay (F (35 =0.57, P=0.57) nor drug X delay interaction
(F(2,22) = 0.52, P = 0.60) were reliable.

A novel dependent measure examined on the maze was the
“choice reaction time” (CRT) of animals making an arm choice
response (left/right turn). The CRT was quantified as the latency
from the start of each trial (when the front and side gates are in
the DOWN position) to the completion of arm choice response
(when the side gates are in the UP position) (Fig. 5A). First, we
compared CRT between the first session of 40 trials (following
the completion of the shaping procedure) and the session when
animals reached the criterion (=75% correct trials) on the DAT
(Fig. 5B). A paired t-test revealed that animals made significantly
quicker arm choice responses during the criterion session com-
pared with those during the first session (¢, = 4.34, P = 0.003),
indicating improvement in the performance on the DAT. The
movement trajectory map from a representative animal illus-
trates reduced variability in the performance of the DAT across
testing sessions (Fig. 5C). Further analysis revealed that during
the first 20-trial testing sessions (Day 1; no infusion), the CRT for
correct trials was significantly shorter than the CRT for incorrect
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trials (Fig. 6A). An ANOVA with choice (correct vs. incorrect tri-
als) as the between-subjects factor and delay (3-, 30-, and 60-sec)
as the repeated measure revealed significant main effects of
choice (F(; 46 = 13.53, P = 0.001), delay (F, o5, = 5.37, P = 0.006),
and a significant choice X delay interaction (F ¢,y = 3.68,
P =0.03). However, the difference in CRT between correct and
incorrect trials diminished during the sessions with muscimol
infusions (Fig. 6B,C). For the MUSC-mPFC condition (Fig. 6B),
there was a significant main effect of delay (F, 4g) = 5.47,
P =0.007), but neither main effect of choice (F( 4 =0.11,
P =0.75) nor delay X choice interaction (F 45, = 1.17, P = 0.32)
were reliable. Similarly, for the MUSC-dHPC condition (Fig. 6C),
there was a significant main effect of delay (F 44y = 10.83,
P <0.001), but neither main effect of choice (F ;5 =0.09,
P =0.77) nor delay X choice interaction (F 44, = 0.00S,
P =0.99) were reliable. Interestingly, when correct and incorrect
trials were combined, the overall CRT was significantly longer in
the MUSC-dHPC condition compared with that of both MUSC-
mPFC and no infusion conditions (Fig. 6D). An ANOVA with
repeated measures on two factors, with infusion condition (no
infusion, MUSC-mPFC, and MUSC-dHPC) and delay (3-, 30-, and
60-sec) as repeated measures, revealed a significant main effect of
condition (F(; ,s) = 70.79, P <0.001) and a significant
infusion X delay interaction (F e, =9.26, P <0.001), but not
main effect of delay (F g = 1.03, P =0.37). Tukey’s post hoc
comparisons demonstrated that rats exhibited a significantly
longer overall CRT when muscimol was infused into the dHPC
than when muscimol was infused into the mPFC or with no
infusions (P < 0.001).

When another variable, the “back edge error,” was analyzed
(Fig. 7A), the MUSC-dHPC condition produced a significantly
higher incidence of exploring the opposite edge runway (instead
of directly returning to the center arm) than either the MUSC-
mPFC or ACSF infusion conditions (Fig. 7B). Data from two con-
trol conditions (ACSF-mPFC and ACSF-dHPC) were not different
from each other and were thus pooled. An ANOVA with repeated
measures on two factors, with infusion (ACSF, MUSC-mPFC, and
MUSC-dHPC) and delay (3-, 30-, and 60-sec) as repeated mea-
sures, revealed significant main effects of condition
(F(2,22)=27.04, P <0.001) and delay (F, 5,y = 4.20, P = 0.03) and
a marginally significant infusion X delay interaction
(F(4,44y = 2.50, P = 0.056). Tukey’s post hoc comparisons demon-
strated that rats exhibited a significantly higher percentage of
back edge errors with muscimol infusions into the dHPC com-
pared with other infusion conditions (P < 0.001).

The final dependent variable analyzed was the percentage of
incorrect arm choices made in consecutive trials (Fig. 8). For this,
the percent proportions of two consecutive incorrect trials were
compared between MUSC-mPFC and MUSC-dHPC conditions
across delays. An ANOVA with repeated measures on two factors,
with infusion condition (MUSC-mPFC and MUSC-dHPC) and de-
lay (3-, 30-, and 60-sec) as repeated measures, revealed a signifi-
cant main effect of infusion (F, o, = 5.26, P = 0.048), but failed to
reveal a significant main effect of delay (F, 15, = 1.17, P = 0.33) or
a significant infusion X delay interaction (F s = 0.55,
P =0.58). Unlike MUSC infusions that produced significant and
comparable levels of incorrect trials, ACSF (control) infusions
yielded marginal errors and thus were inappropriate for this
analysis.

Discussion

The present study investigated the role of the PFC and the hip-
pocampus in working memory while rats performed a spatial
DAT on an automated figure-eight maze. Muscimol inactivation
of either structure significantly reduced the working memory ac-
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Rewarded on choice alternation.

Rewarded on choice alternation.

3. Front, left and right gates closed.
Back gate opens.
Rat receives center reward.
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6. Front, left and right gates closed.
Back gate opens.

Center reward if correct.

Figure 2.

Cycle repeats.

lllustration of a programmed DAT training procedure on the figure-eight maze. Sequence of gate operation was controlled by the computer

based on the animal position on the maze during shaping (A) and testing (B).

curacy at all delay intervals, indicating that PFC or hippocampal
functioning alone is insufficient to preserve performance on the
DAT; instead, the interaction of the two structures is necessary
for normal working memory. Our data further suggest that the
PFC and hippocampus process qualitatively different informa-
tion during the DAT.

By carefully inspecting performance on the DAT under PFC
and hippocampus inactivation states, one can reasonably infer
the default (intact brain) state of information processing required
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for working memory. Specifically, if the PFC and the hippocam-
pus process information in parallel (and redundantly) or com-
petitively, then either structure alone should be capable of sup-
porting the DAT (see Kim and Baxter 2001). However, if two
brain systems process different information but require interac-
tion to produce coherent behavior required of the DAT, then
both the PFC and hippocampus have to be functional. Since the
inactivation of either the mPFC or dHPC severely impaired work-
ing memory, our data support the latter view; that is, the PFC and
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Figure 3. Histological reconstructions of cannula placement site. (Filled
circles) Locations where infusion cannula tips were placed within the
medial prefrontal cortex (mPFC: prelimbic and infralimbic) (A) and the
dorsal hippocampus (dHPC) (B). (Open circles) incorrectly placed can-
nula tip locations. Numbers indicate the distance in millimeters relative to
bregma. Reprinted with permission from Elsevier ©1997, Paxinos and
Watson 1997.

the hippocampus interact in a synergistic manner during the
DAT. A recent study also found that functional disconnection
between the hippocampus and the PFC impaired spatial working
memory in rats (Wang and Cai 2006).

The PFC and hippocampus may interact via their direct/
indirect anatomical connections (Ferino et al. 1987; Laroche et
al. 2000; Thierry et al. 2000). Consistent with anatomy, electro-
physiological studies have shown that cellular activities in these
two regions are intimately coordinated during working memory
tasks (Hyman et al. 2005; Siapas et al. 2005). Specifically, hippo-
campus and PFC activities are closely correlated in time by virtue
of hippocampal theta rhythms. Therefore, theta rhythms might
orchestrate spatial memory and working memory that are man-
aged mainly by the hippocampus and PFC, respectively. Re-
cently, Jones and Wilson (2005) found that the correlation of cell
firings in the PFC and the hippocampus improves as the demand
for spatial working memory increases. Overall, these cellular
characteristics are consistent with behavioral results of the pres-
ent study.

Our data show that the inactivation of the hippocampus
disrupts the DAT at 3-, 30-, and 60-sec delays, which is consistent
with earlier studies indicating the importance of the hippocam-
pus in working memory functioning at short as well as long de-
lays (Kesner et al. 1996; Hampson et al. 1999). In a related study,
Lee and Kesner (2003) tested spatial working memory in rats
using a radial eight-arm maze, but they found that hippocampal
function in spatial working memory becomes critical only when
the delay is relatively long (see also Mizumori et al. 1987 with the
protein synthesis inhibitor anisomycin). A key procedural differ-
ence in their study is that after surgery, training sessions were
reinstated before testing started; thus, additional training ses-
sions may have activated an alternate system for the task. Inter-
estingly, they also reported a significant performance deficit with
hippocampal lesions during the initial training sessions after sur-
gery, which is consistent with our findings.

At present, the notion of delay-dependent involvement of
the PFC in working memory remains equivocal. While some
studies show delay-independent impairment of working memory
with the disruption of the PFC (Chudasama and Muir 1997; Por-
ter et al. 2000), others show delay-dependent deterioration of
working memory (Delatour and Gisquet-Verrier 1996; Sloan et al.
2006). Contrasting results may be attributable to different lesion
methods (electrolytic vs. excitotoxic vs. radiofrequency vs. aspi-
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ration) and behavioral tasks (lever pressing vs. radial arm maze).
It is also worth considering that the role of the PFC in working
memory may depend on the structure of behavioral task. That is,
the working memory necessary to complete a continuous forag-
ing task (such as an eight-arm radial maze) can be supported by
other brain areas. However, the PFC is necessary when the task is
divided into two halves and a long delay is imposed between
them (Bubser and Schmidt 1990; Floresco et al. 1997). An inter-
esting finding by Porter et al. (2000) shows that mPFC lesions
produce a delay-dependent working memory deficit in the alter-
nating arm choice response (the same two arms available repeat-
edly) on a radial arm maze when extramaze spatial cues are avail-
able. However, the deficit becomes delay-independent when spa-
tial information is not provided. A differential working memory
deficit based on the availability of extramaze spatial cues suggests
that animals with the disrupted PFC are capable of completing
the task at a short delay using an alternate strategy (i.e., spatial/
episodic memory) provided by the intact hippocampus, but ex-
hibit impaired performance at longer delays as memory demands
increase.

An interesting novel finding from our study is that the dif-
ference in CRT for correct vs. incorrect trials (observed prior to
drug manipulation) disappeared with muscimol infusions into
the mPFC and dHPC. The level of CRT, measured by the time
taken from the start of each trial to the completion of arm choice
response, may reflect the “confidence” level of the animal in
making its choice response for a reward. Specifically, the inacti-
vation of the mPFC or dHPC produced equivalent CRT for correct
and incorrect trials. The lack of difference in CRT between correct
and incorrect trials with muscimol suggests that the observed
“correct” choice responses in fact may be due to “chance” per-
formance rather than a product of intact memory functioning. If
true, future ensemble unit recording studies should be able to
discern the intact memory-derived “true correct” choice re-
sponses from the coincidental performance-derived “false cor-
rect” choice responses.

Another notable finding is that when muscimol was infused
into the dHPC (but not the mPFC), animals made significantly
more frequent back edge errors (i.e., exploring the opposite edge
runway instead of entering the center holding area). The back
edge error provides valuable information concerning the roles of
the mPFC and dHPC in spatial reference memory (SRM) for the
task. During shaping and testing procedures in our figure-eight
maze, the animal’s SRM may include departing the center hold-
ing area when the front gate drops, making an arm choice re-
sponse to receive water reward (at specific locations on the
maze), and returning to the center area for the next trial. The
inactivation of the dHPC also drastically increased the overall
CRT; rats seemed spatially disoriented during the delay period

A m— ACSF-mPFC B m— AGSF-dHPG
100 = MUSC-mPFC 100 == MUSC-dHPC
80 80
o T
£ 60 60
e} oL -
Cup 40
=
20 20
0 0
3 30 60 3 30 60
Delay (sec) Delay (sec)

Figure 4. Effects of muscimol infusions on DAT performance. Mean
(= SE) percentage of correct trials at 3-, 30-, and 60-sec delay periods
when ACSF (black) and MUSC (gray) were microinfused into the mPFC
(A) and the dHPC (B). (Horizontal line) Chance level of performance.
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Figure 5. Arm choice reaction time (CRT) as a function of training. (A)
CRT was quantified as the latency from the start of a trial (front and side
gates down) to when the animal made an arm choice response (side
gates up). (B) Mean (= SE) CRT during the first testing session (black) and
the criterion testing session (white). (C) Sample movement trajectory
maps show decrease in choice response variability (dash box) during the
first testing day vs. criterion day.

and thus required a longer time to initiate the arm choice re-
sponse (Fig. 6D). These data are consistent with previous studies
that found disruption of SRM following hippocampal lesions
when tested in water and radial arm maze tasks (Cassel et al.
1998; Pothuizen et al. 2004; Sloan et al. 2006), and intact SRM
after mPFC lesions (Granon et al. 1994; Sloan et al. 2006). In most
studies, hippocampal lesions produce not only SRM but also spa-
tial working memory impairments, especially when the memory
demand for allocentric spatial information is strong (for a recent
review, see Dudchenko 2004). The mPFC then must retrieve al-
locentric spatial information from the hippocampus as needed.
Consistent with this possibility, single-unit recording studies
found no evidence for allocentric spatial information in the
mPFC (Poucet 1997; Jung et al. 1998). Accordingly, the hippo-
campus may serve the role of episodic buffer (i.e., integrate pres-
ent and preceding information to properly anticipate future ex-
perience), a newly added component of working memory (Bad-
deley 2000, 2003).

Hippocampal inactivation also increased the perseveration
of choice response, revealed by a rise in the percentage of two
consecutive incorrect trials (Fig. 8). In contrast, with mPFC inac-
tivation, although animals performed at a near chance level,
there were a higher percentage of correct trials than incorrect
trials across delays following incorrect trials, suggesting that ani-
mals adjusted their choice response when an incorrect choice
was made on the previous trial. These findings are consistent
with earlier studies demonstrating response perseveration with
damage to the hippocampus (Devenport et al. 1981; Mickley et
al. 1989; Whishaw and Tomie 1997), but not with damage to the
PFC (Granon et al. 1994; Seamans et al. 1995; Delatour and Gis-
quet-Verrier 2000). Interestingly, although PFC lesions did not
produce response perseveration for a choice alternation response
when animals were tested during a single session, the persevera-
tion occurred when animals were required to shift the response
rule (e.g., reversal learning) between sessions (Seamans et al.
1995; Dias and Aggleton 2000).

It should be noted that although hippocampal inactivation
produced perseveration of choice responses in the DAT, it is not
clear from the present study whether the increased perseveration
is related to the disruption of working memory system per se or
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is an altered behavioral pattern produced independently of mus-
cimol effect on working memory. According to the relational
learning theory (Squire 1987; Cohen and Eichenbaum 1993), the
hippocampus plays a critical role in learning relationships be-
tween stimuli or events. Therefore, animals can use a series of
relations to create an episodic memory. When the hippocampus
is damaged, the relational memory provided by the hippocam-
pus is disrupted, and animals may perform the task using only a
portion of information detached from the whole episode. Thus,
the increased perseverative behavior observed here may be attrib-
uted to the disruption of the hippocampal role in relational
memory.

However, it is also possible that hippocampal (but not PFC)
inactivation might have impaired the neural system for the natu-
ral tendency of alternation responses. Generally, animals tend to
explore alternate routes rather than taking a previously tested
path to reach a goal (Douglas and Isaacson 1964; O’Keefe and
Nadel 1978). This natural behavioral pattern (of “win-shift”)
might have been disrupted by hippocampal inactivation as
shown in the present study. Although it remains unclear how the
hippocampal function is involved in the selection of choice re-
sponses, the nucleus accumbens, which is anatomically con-
nected to the hippocampus, might provide necessary informa-
tion about the behavioral pattern to the hippocampus. For ex-
ample, it has been shown that the nucleus accumbens is critically
involved in a motor strategy for goal-directed learning tasks
(Morgenson et al. 1993; Seamans and Phillips 1994). Therefore,
hippocampal inactivation can potentially disrupt information
needed by the nucleus accumbens to appropriately adjust the
goal-directed behavior.

A couple of caveats should be mentioned about the present
study. First, although the DAT (using T and figure-eight mazes) is
a widely accepted test of working memory in rodents (see Pedigo
et al. 2006), we have not tested whether a distractive cue during
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Figure 6. Effects of muscimol infusions on CRT. (A) Mean (+SE) CRT
for correct (black) and incorrect (gray) trials during testing sessions with
no drug infusion (Day 1) at various delays. (B) Mean (=SE) CRT for
correct (black) and incorrect (gray) trials in MUSC-mPFC animals. (C)
Mean (= SE) CRT for correct (black) and incorrect (gray) trials in MUSC-
dHPC animals. (D) Mean (# SE) CRT (correct and incorrect trials com-
bined) with no drug infusion (black), MUSC-mPFC (light gray), and
MUSC-dHPC (dark gray) conditions at various delays.
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Figure 7. Effects of muscimol infusions on “back edge errors.” (A) Back
edge error was made when the animal entered the opposite edge runway
rather than returning to the center holding area. (B) Mean (= SE) per-
centage of back edge errors made by ACSF(mPFC+dHPC), MUSC-mPFC,
and MUSC-dHPC conditions.
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a delay period interferes with the performance on the figure-
eight maze. Given that a distractive stimulus during a delay pe-
riod has been shown to disrupt spatial as well as nonspatial work-
ing memory in rats (e.g., Ennaceur and Meliani 1992), if the DAT
is not affected by distractive cues, then this would suggest that
other memory systems (perhaps long-term memory or motor
memory) are also engaged in the present task. Second, the ob-
served differences in behavior measures between mPFC and
dHPC inactivation can be due to possible differences in musci-
mol spread or the tissue responsivity to the drug concentration
used. Although mPFC lesions also produced selective deficits in
working (but not reference) memory on the same maze (Pedigo et
al. 2006), this latter possibility cannot entirely be excluded.

In summary, the present findings indicate that either the
PFC or the hippocampus alone is not sufficient to support spatial
working memory in rats. Instead, a functional interaction be-
tween the two structures is necessary. It is likely that the hippo-
campus provides the critical spatial/episodic information to the
PFC that is necessary for the successful execution of the DAT (Fig.
9). However, hippocampal function alone is not sufficient for the
DAT since mPFC inactivation leads to selective disruption of
working memory processing. Our data further show that the in-
activations of the mPFC and dHPC influence different aspects of
DAT performance. The distinct behavioral effects include CRT (in
making the arm choice response), back edge error (reflecting ref-
erence memory), and response perseveration (perhaps a shift in
strategy), all of which were significantly altered by inactivating
the dHPC (but not the PFC). Although dHPC inactivation pro-
duced wide-ranging behavioral alterations (previously unre-
ported) rather than working memory per se, the fact that the
animals still demonstrated some ability to perform the task (de-
spite the errors) indicates the cognitive complexities and the dy-
namic engagement of multiple memory systems in the DAT.

Materials and Methods

Subjects

Fifteen experimentally naive male Sprague Dawley rats (initially
weighing 250-275 g) were individually housed in our Association
for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) accredited animal care facility and maintained on a
reverse 12-h light/dark cycle (lights on at 7:00 p.m.). A week prior
to and for the duration of the experiment, daily water access was
restricted to maintain 85% of the animal’s normal body weight.
The food pellet was available ad libitum in the home cage. All
experiments were conducted during the dark phase of the cycle
and in strict compliance with the University of Washington In-
stitutional Animal Care and Use Committee guidelines.
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Surgery

Animals were anesthetized via intraperitoneal injection of a 30
mg/kg ketamine and 2.5 mg/kg xylazine mixture, with supple-
mental injections given as needed. Under aseptic conditions, a
stereotaxic instrument with nonpuncture ear bars (Stoelting) was
used to implant 26-gauge guide cannulae (Plastic One) bilaterally
into the mPFC (from bregma, 3.20 mm anterior, +2.21 mm lat-
eral, 3.26 mm ventral; the cannulae were angled 20° from a ver-
tical midline) and dHPC (from bregma, 3.60 mm posterior,
+3.24 mm lateral, 2.62 mm ventral). Implanted cannulae were
cemented to six anchoring screws on the skull. Dummy cannulae
were inserted into the implanted cannulae (protruding 0.5 mm)
to maintain the patency of the guide cannulae. During 7-10 d of
postoperative recovery, animals were adapted to handling, and
each dummy cannula was removed and replaced with a clean
one.

Drugs and infusion

Muscimol free base (Sigma-Aldrich), dissolved in artificial cere-
brospinal fluid (ACSF) (10 mM, pH ~7.4) was microinfused bilat-
erally into either the mPFC or dHPC by back-loading the drug up
a 33-gauge infusion cannula into polyethylene (PE20) tubing
connected to 10-pL Hamilton microsyringes (Hamilton Com-
pany). The infusion cannula protruded 1 mm beyond the guide
cannula. An infusion volume of 0.3 pL (per side) was delivered
using a Harvard 11 Plus Syringe Pump (Harvard Apparatus) over
the course of 3 min (at a rate of 0.1 pL/min). The infusion can-
nula remained in place for an additional 1 min after the infusions
before being pulled out.

The muscimol dosage (0.3 ug/0.3 pL per side) was based on
previous studies from our laboratory (Kim et al. 2005) and others
(Wilensky et al. 1999; Maren et al. 2001; Lee and Kesner 2003).
Based on studies that examined *H-muscimol spreading (Krupa
et al. 1996; Arikan et al. 2002) in the cerebellum in which a 1-pL
volume infusion diffused a radius of 1.6-2.0 mm, it was esti-
mated that 0.3 uL of muscimol used in the present study would
spread within a radius of ~0.5-0.7 mm from the infusion needle
tip. Hence, it is likely that infused muscimol would have diffused
to most of infralimbic and prelimbic areas of the prefrontal cor-
tex, and to most of the dHPC with respective injections and
possibly to minor portions of adjacent neighboring structures.

Maze apparatus and data collection

The dimensions and automatic features of the figure-eight maze
have previously been described in detail (Pedigo et al. 2006). In
brief, the maze (elevated 0.75 m from the floor) is in the shape of
an open square with a center bridge runway that connects the
front edge runway with the back edge runway (Fig. 1). The maze
has four acrylic gates, actuated by air-regulated pneumatic cylin-
ders, that ascend (30 cm above the maze surface) and descend
(leveled to the maze surface) to block or allow the animal to pass.
Two gates at either end of the center bridge imposed delays be-
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Figure 8. Effects of muscimol infusions on two consecutive incorrect
choices. Mean (= SE) percent of incorrect trials immediately following
incorrect trials across delays when muscimol was infused into the mPFC
(black) and dHPC (white).
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Figure 9. A hypothetical model of neural structures involved in work-
ing memory (WM). The model posits that the hippocampus (HPC) is
involved in processing spatial memory (SM) and episodic memory (EM),
which are used by the PFC in spatial working memory tasks. Accordingly,
inactivation of the HPC will lead to WM, SM, and EM deficits, while
inactivation of the PFC will produce relatively specific WM impairments.

tween trials. The water reward (0.04 mL) was delivered (at three
small orifices shown) through a stainless steel liquid tubing as-
sembly connected, via 24-V electric solenoid valves, to a water
storage vessel. A digital input/output card (PCI-6503; National
Instruments) was used to control the solenoid valves and pneu-
matic cylinders, and an analog video frame grabber card (PCI-
1405) was used to capture images from a camera over the maze.
The maze system was controlled by an Intel Pentium IV processor
PC, using custom software written in the “C” programming lan-
guage; the compiler for the “C” code is National Instruments Lab
Windows CVI (version 5.0). The software calculated and created
a time-stamped data file with the following dependent variables:
the animal location and activity, gate status, elapsed time, choice
accuracy, and distance traveled over time. A video clip of a rat
performing the DAT is available for viewing at http://faculty.
washington.edu/jeansokk/research%20new.htm.

Behavioral procedures

Animals underwent the following three successive stages of maze
training before the final testing phase (cf. Pedigo et al. 2006).

Habituation

For the first 3 d, animals were brought to the maze area in trans-
port boxes and remained there for 2 h each day. The maze was
programmed to actuate the gates in a pseudorandom sequence to
help the animals get habituated to the noise of the maze opera-
tion, background white noise, and light settings. On the fourth
day, animals were placed in the center holding area of the maze
and confined by the front and back gates. During a single 30-min
session, both side gates were operational in a pseudorandom se-
quence.

Shaping

Animals were placed in the center holding area of the maze with
all four gates in the “UP” position (Fig. 2A). After a 3-sec delay,
the front and one of the side gates were dropped, allowing the
animal to leave the center area and turn to one side (e.g., left) of
the maze. At the instant the animal passed the left gate, the front
and left gates were raised, and the back gate (on the center run-
way) was dropped. Upon reaching the left water port location,
the animal was rewarded. The animal was allowed to freely ex-
plore the rest of the maze (with the two side gates and the front
gate in the “UP” position). When the animal entered the center
holding area, it was rewarded with water at the center port and
the back gate was elevated. The delay period started, and the
same sequence of water and gate operation was repeated with the
alternate side gate (from the previous trial) in the “DOWN” po-
sition. During shaping, the animal had only one choice to make;
as it approached the center area along the back edge, it could
either enter the center or continue on to the opposite side of the
maze (in which case access to the center area via the front edge
was blocked). The entering of the opposite edge runway was de-
fined as a “back edge error,” which was used as an index to gauge
how well the animal learned the general maze procedure and to
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determine when shaping was completed. For the present study,
animals were shaped once a day with a 3-sec center delay until
they reached 40 laps in <30 min with four or fewer back edge
errors (=10%). Upon meeting this criterion (usually 2-3 d), ani-
mals advanced to the testing phase.

Testing

The animals were trained to make alternate arm choice responses
to obtain the water reward (Fig. 2B). After a 3-sec delay in the
center holding area, the front, left, and right gates dropped. The
animal then had the freedom to make either a left or a right turn.
Once the animal made a turn, the front, left, and right gates were
elevated (and the back gate was dropped). The animal was re-
warded at the water port location (e.g., left). When the animal
returned to the center area, it was rewarded with water at the
center water port, and the back gate was elevated. The delay
period started again once the back gate was fully elevated, and
the sequence was repeated for additional laps. In subsequent
laps, correct arm choice (e.g., left — right) resulted in reward,
whereas incorrect arm choice (e.g., left — left) resulted in the
absence of reward (at both side and center water ports). The test-
ing session ended when 40 trials were completed or 30 min
elapsed, whichever came first. Once the animal reached the cri-
terion of 30 or more correct trials (=75%), the final testing phase
started the following day.

Testing with drug infusions

On Day 1 of the final phase of testing, animals received two 20
trial sessions that were separated by 90 min, which is the same
interval as drug infusion sessions. The Day 1 sessions were to
ensure that (1) rats could perform comparably during the two
sessions and (2) rats could perform well with increased delays.
Performance during these sessions served as a baseline measure
to compare sessions with drug infusions. On Day 2, ACSF (0.3 pL)
was infused bilaterally into the mPFC (or dHPC), and 30 min
later animals underwent a 20-trial testing session. Ninety min-
utes later, muscimol was infused bilaterally into the mPFC (or
dHPC), and then animals underwent another 20-trial testing ses-
sion. On the following day, the recovery of performance from
drug infusions was tested in a single 20-trial session before ad-
vancing to the next infusion site. After both infusion sites had
been tested, the delay period in the center holding area was in-
creased from 3 sec to 30 sec, and then to 60 sec.

Histology

At the completion of behavioral testing, animals were overdosed
with urethane and perfused intracardially with 0.9% saline fol-
lowed by 10% buffered formalin. The brains were removed and
stored in 10% formalin overnight and then kept in 30% sucrose
solution until they sank. Transverse sections (50 um) were taken
through the extent of the cannula tract, mounted on gelatin-
coated slides, and stained with cresyl violet to verify cannula
placements.

Data analysis

Statistical comparisons between groups were examined using
Student’s t-tests (paired) or ANOVA (cf. Winer et al. 1991). For a
significant difference (P < 0.05), post hoc comparisons were per-
formed using Tukey’s honestly significant difference (HSD) tests.
For choice reaction time (CRT) analyses, values that were outside
the range of =3 SDs around the group mean were regarded as
outliers and excluded from the analyses.
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