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Retrograde amnesia following disruptions of hippocampal function is often temporally graded, with recent memories
being more impaired. Evidence supports the existence of one or more neocortical long-term memory storage/retrieval
site(s). Neurotoxic lesions of the medial prefrontal cortex (mPFC) or the dorsal hippocampus (DH) were made 1 day
or 200 days following trace fear conditioning. Recently encoded trace fear memories were most disrupted by DH
lesions, while remotely encoded trace and contextual memories were most disrupted by mPFC lesions. These data
strongly support the consolidation theory of hippocampus function and implicate the mPFC as a site of long-term

memory storage/retrieval.

The consolidation of memories into their long-term, stabilized
form is a topic of considerable theoretical and empirical scientific
inquiry (McGaugh 2000; Squire et al. 2004; Frankland and Bon-
tempi 2005; Wiltgen et al. 2005a). Independent brain circuits un-
derlie different forms of memory, and, within a particular
memory domain, the contribution of a specific region may de-
pend upon the age of that memory (Ribot 1882; Squire 1992;
Knowlton and Fanselow 1998; Frankland and Bontempi 2005).

Consolidation theory suggests that memories are gradually
reorganized such that the brain regions responsible for the stor-
age/retrieval of a memory are changed (Marr 1971; McClelland et
al. 1995; Squire and Alvarez 19935). Early evidence for this came
from the characteristic pattern of temporally graded retrograde
amnesia for declarative memories in human patients who had
suffered insult to the medial temporal lobe (e.g., Scoville and
Milner 1957). Similar patterns have been observed in animals
using more circumscribed manipulations of the hippocampus
across a variety of procedures, including object discrimination
(Zola-Morgan and Squire 1990), contextual fear conditioning
(Kim and Fanselow 1992; Anagnostaras et al. 1999), trace eye-
blink conditioning (Kim et al. 1995; Takehara et al. 2002), and
social transmission of food preference (Clark et al. 2002).

In recent years, a shift has occurred toward identifying ex-
trahippocampal regions that support long-term memories, and
the medial prefrontal cortex (mPFC) has been implicated. The
hippocampus and mPFC are functionally interrelated through
correlated activity patterns that may be important for memory
consolidation (Jay and Witter 1991; Siapas and Wilson 1998;
Sutherland and McNaughton 2000; Siapas et al. 2005). Bontempi
et al. (1999) showed that metabolic activity in the mPFC increases
with longer retention intervals and Frankland et al. (2004) found
temporal gradients for Zif-268 and Fos activation in the mPFC
following contextual fear conditioning. Lesions of mPFC disrupt
trace eyeblink conditioning (Simon et al. 2005), and the magni-
tude of the disruption is positively correlated with the training-
to-lesion interval (Takehara et al. 2003).
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We assessed the role of the dorsal hippocampus (DH) and
mPFC in trace and contextual fear memories. DH involvement in
both trace and contextual fear conditioning has been previously
demonstrated (e.g., McEchron et al. 1998; Quinn et al. 2002, 2005;
Chowdhury et al. 2005). While a temporally graded retrograde
amnesia for contextual fear conditioning is well established (e.g.,
Kim and Fanselow 1992; Anagnostaras et al. 1999), a similar as-
sessment of trace fear conditioning has not yet been made. This
experiment allows us to assess temporal gradients for two hippo-
campus-dependent memories within the same animal and deter-
mine whether the mPFC serves as a permanent storage/retrieval
site for these memories.

Results

Figure 1 shows reconstructions of the minimal and maximal ex-
tent of mPFC and DH lesions for animals included in all analyses.
Nine animals were excluded from all analyses due to unilateral
lesion extent.

mPFC and DH inversely contribute to the expression

of recent and remote fear memories

As shown in Figure 2, there is an interaction between the age of
fear memories (recent vs. remote) and the surgery condition.
ANOVA revealed a reliable interaction between lesion location
and training-to-surgery interval for trace tone (F, ;g = 6.65,
P <0.01) and contextual (F, 75, = 3.91, P < 0.05) fear memories.

mPFC and DH differentially contribute

to the consolidation of trace tone fear memories
Freezing data from the tone test are displayed at the top in Figure
3A-D. The mean freezing (+SEM) during the initial 3-min base-
line period in the novel tone test context is presented for un-
paired controls and for trace-conditioned sham, mPFC, and DH
animals at each of the surgery times: 1 d post-training (panel A)
and 200 d post-training (panel B). The mean freezing (+SEM)
across the three test tones is similarly presented for each group in
panels C and D.
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Figure 1. Reconstructions of the minimal (gray) and maximal (black) extent of mPFC and DH lesions
for animals included in all analyses. The mPFC lesions are centered in the prelimbic/infralimbic region
(average damage 62% of total) and generally spared the anterior cingulate cortex (average damage
8% of total). The DH lesions (average damage 58% of total) generally encompass damage to dentate,
CA1 and CA3 rostrally, with more sparing of CA3 caudally. No damage to intermediate or ventral
hippocampus is observed. Atlas figures are reproduced with permission from Elsevier © 1997, Paxinos

and Watson (1997).

One day post-training surgeries

In animals given surgery 1 d following training and tested 11-12 d
later, baseline freezing in the novel tone test context (Fig. 3A) was
low in all groups (<15%), and there were no differences between
groups (Ps > 0.05). As shown in Figure 3C, sham trace animals
froze more to the tone than unpaired controls (f,g, =4.77,
P <0.0001), suggesting that freezing to the trace tone was the
result of associative conditioning. Trace tone fear conditioning
differed as a result of surgery (F( 35, =4.51, P <0.05), and pair-
wise comparisons using Fisher’s PLSD (P < 0.05) revealed that DH
lesion rats froze reliably less than sham controls. However, mPFC
lesions made at this time point had no effect on the level of trace
tone fear.

Two~hundred days post~training surgeries

In animals given surgery 200 d following training and tested
11-12 d later, baseline freezing in the novel tone test context
(Fig. 3B) was higher than that seen in the 1 d post-training sur-
gery groups (F(;103) = 22.21, P <0.0001), and this is consistent
with recent findings (e.g., Wiltgen and Silva 2007). Sham trace
and unpaired 200 d surgery rats did not differ in novel context
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freezing (F < 1). However, trace-
conditioned rats differed as a func-
tion of surgery (F 40, =4.87, P <0.05)
and pairwise comparison’s using Fisher’s
PLSD (P < 0.05) revealed that trace-
conditioned rats with DH or mPFC le-
sions showed reliably less novel context
freezing than sham controls. As shown
in Figure 3D, sham trace-conditioned
rats froze more to the tone than un-
paired controls (f33, = 2.85, P <0.01),
suggesting that freezing to the trace tone
was associative. Rats that received sur-
gery 200 d following trace fear condi-
tioning differed in tone fear levels
depending on surgery condition
(F2,40) = 5.85, P < 0.01). Completely op-
posite to the pattern observed in the 1 d
post-training lesion conditions, mPFC
lesion animals froze reliably less than
sham controls (P < 0.01), but there was
J no effect of DH lesion at this time point
(Fig. 3D).

™ mPFC and DH differentially

contribute to the consolidation

of contextual fear memories

Mean freezing (=SEM) during the con-

text test is displayed at the bottom in

Figure 3, E and F. Analyses of context
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One day post-training surgeries

Unpaired controls and sham trace con-
ditioned animals did not differ in their
levels of context freezing (F < 1). Ani-
mals that received surgery 1 day follow-
ing trace fear conditioning differed in
their levels of contextual fear as a result
of surgery (F, 3g, = 5.56, P <0.01). Sub-
sequent comparisons using Fisher’s
PLSD showed that both mPFC (P < 0.05) and DH (P < 0.01) lesion
groups froze reliably less than sham controls (Fig. 3E).

Two-hundred days post-training surgeries

Sham trace-conditioned rats froze more than unpaired controls
during the context test (¢33, = 2.88, P < 0.01). Rats that received
surgery 200 d following trace fear conditioning differed in
contextual fear levels depending on surgery condition
(F2,40) = 18.27, P < 0.0001). Subsequent comparisons using Fish-
er’s PLSD showed that both mPFC (P < 0.0001) and DH (P < 0.01)
animals froze less than sham controls, with the magnitude of the
mPFC lesion deficit being larger (P < 0.01) (Fig. 3F).

Tone freezing in unpaired controls differs with time

As shown in Figure 3, C and D, the level of tone freezing in the
unpaired animals varied as a function of the training-to-surgery
interval where the 200 d unpaired animals froze more to the tone
compared to the 1 d unpaired animals (t,s, = 3.86, P < 0.001).
However, as shown in Figure 3, A and B, these rats also differed in
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and/or different species used in the two
experiments altered the relative involve-
ment of the mPFC and ACC in the long-
term storage/retrieval of the fear memo-
ries. Given the extensive interconnec-
tions between these frontal cortical
regions (Jones et al. 2005), it is not sur-
prising that both regions may make con-
tributions.

The present results contrast with
those recently reported by Blum et al.
(2006) showing comparable trace tone

O  sham
W mPFC
A DH

1-day 200-day 1-day

(Recent Memory) (Remote Memory) (Recent Memory)

Post-Training Surgery Time

Figure 2. Temporal interactions among trace-conditioned sham, DH, and mPFC lesion animals as a
function of the training-to-lesion interval are shown for both trace tone and context fear. DH lesions
made 1 d following training produce a greater attenuation in both trace and contextual fear, relative
to DH lesions made 200 d following training. The opposite pattern is observed in mPFC lesion animals.

novel context freezing during the baseline period of the tone test
(t2s) = 2.52, P <0.05), and this could explain differences ob-
served during the tone. As shown in Figure 3, E and F, these rats
showed comparable levels of contextual fear conditioning
whether the surgery was done 1 or 200 d post-training (F < 1).

Discussion

These data are the first to show a temporally graded retrograde
amnesia for trace fear conditioning following insult to the hip-
pocampus. Further, they provide strong support for mPFC in-
volvement in the long-term storage/retrieval of both trace and
contextual fear conditioning. Most notably, the contributions
made by the mPFC and DH are inversely related; recent trace fear
memories are most disrupted by lesions of the DH, whereas re-
mote trace and contextual fear memories are most disrupted by
mPFC lesions.

The mPFC involvement in trace and contextual fear condi-
tioning following long retention intervals is consistent with re-
cent observations (Takehara-Nishiuchi et al. 2005, 2006). Bon-
tempi et al. (1999) showed that retention of a spatial discrimi-
nation is associated with elevated metabolic activity in the DH
5 d following acquisition, whereas activity in this region 25 d
following acquisition is significantly attenuated; frontal cortical
activity showed an opposite pattern. Takehara et al. (2003) ob-
served a similar pattern using aspiration lesions of either the DH
or mPFC following trace eyeblink conditioning. Lesions were
made at various time points ranging from 1 d to 4 wk following
acquisition. The magnitude of the lesion deficits varied as a func-
tion of the training-to-lesion interval: DH lesion deficits were
largest when made 1 d post-training, whereas the mPFC lesion
deficits were largest when made 4 wk post-training. Finally,
Frankland et al. (2004) observed an almost identical pattern us-
ing transient lidocaine inactivation of the anterior cingulate cor-
tex (ACC) at various time points following contextual fear con-
ditioning. While they observed no deficit in contextual fear ex-
pression 1 or 3 d following acquisition, inactivation of the ACC
18 or 36 d following training attenuated freezing to the condi-
tioning context. Interestingly, lidocaine infusions directed at the
prelimbic region of the mPFC had no effect on contextual fear
expression despite the observed increases in Zif-268 and Fos ex-
pression in this region. It is difficult to reconcile the discrepancy
between the lidocaine results and the present lesion results. Our
mPFC lesions produced very limited damage to the rostral ACC.
More focused studies to explore these differences will be neces-
sary. It is possible that the different conditioning procedures
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fear conditioning deficits produced by
mPFC muscimol inactivations given 2 or
30 d post-training. It is unclear why ex-
citotoxic lesions and transient inactiva-
tions should have such differential ef-
fects, aside from differences between the
manipulations themselves or the very
different remote time points (30 versus
200 d). However, Blum et al. (2006) did
not employ any controls to allow for assessment of nonassocia-
tive contributions to performance. Perhaps the infusion proce-
dure increases anxiety, resulting in an increase in freezing during
the tone test. We speculate that if the mPFC contributes to this
nonassociative response, inactivation of this region would be ex-
pected to reduce freezing at both time points.

One difference between the present experiment and previ-
ous experiments examining temporally graded retrograde amne-
sia is the very long training-to-lesion interval used for the remote
memories in the present experiment. While previous experi-
ments generally examined “remote” memories using manipula-
tions made ~1 mo following acquisition, our remote lesions were
made almost 7 mo following acquisition. However, the tempor-
al gradient for contextual fear conditioning appears to be much
longer when employing neurotoxic lesions similar to those used
in the present experiment (Maren et al. 1997; J. Quinn and M.
Fanselow, unpubl.). In fact, even with the 200 d training-to-
lesion interval used here, neurotoxic lesions of the DH produced
a reliable deficit in contextual, but not trace, fear conditioning.
By contrast, Kim and Fanselow (1992) and Anagnostaras et al.
(1999) found no effect of electrolytic lesions of the DH made
28-50 d following training. Another possibility is that condition-
ing to context during a trace fear conditioning procedure yields
a flatter retrograde gradient than is observed following either
context-alone or delay fear conditioning. Support for this possi-
bility comes from data showing that context fear memory be-
comes more sensitive to manipulations of the hippocampus fol-
lowing trace (compared to delay) fear conditioning (Wiltgen et
al. 2005b).

It remains unclear the extent to which the region involved
in the initial storage and consolidation (e.g., DH) participates in
the gradual recruitment of the permanent storage/retrieval re-
gion (e.g., mPFC). That is, do the two regions interact in some
way that allows consolidation to occur? Perhaps the hippocam-
pus is necessary to “teach” the mPFC over time? This idea is
central to a number of contemporary theories of consolidation
(e.g., McClelland et al. 1995; Buzsaki 1996). Alternatively, is it
necessary for both regions to be functioning at the time of ac-
quisition in order for consolidation to occur? While the present
data are most consistent with the former, it remains possible that
the mPFC does not store the memory at all but rather adopts the
“indexing” functions of the hippocampus (Teyler and DiScenna
1986). Trace fear conditioning might aid in further exploring
these questions due to the very clear temporal distinction be-
tween DH and mPFC contributions.

200-day
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Figure 3. Mean (*SEM) percentages of observations spent freezing during the first 192-sec baseline
period in the novel tone test context (4,B), the three test tones (C,D), and the first 256 sec of the

injector was left in place for an addi-
tional 5 min. Sham surgery was similar
except that no injector was lowered and
no drug infused.

DH mPFC
Trace

context test (E,F) are presented for unpaired controls and trace-conditioned sham, DH, and mPFC

lesion animals at each of the surgery times: 1 d post-training and 200 d post-training. Novel context
freezing is higher in 200 d surgery animals. Lesions of either DH or mPFC disrupt both trace tone and
context fear conditioning, although the magnitude of the attenuation depends upon the training-to-

lesion interval.

Materials and Methods

Subjects

One hundred eleven experimentally naive male Long-Evans
adult rats (Harlan) were used in this experiment. They were in-
dividually housed on a 14:10 light/dark schedule with ad libitum
access to food and water. Animals were handled 20 sec per day for
5 consecutive days prior to training and testing. All experimental
procedures occurred during the light and in accordance with the
UCLA IACUC.

Behavioral apparatus

Eight conditioning chambers (28 X 21 X 21 cm; Lafayette In-
strument Co.) were used for conditioning and context testing.
The front door, back wall, and ceiling were made of clear Plexi-
glas. The side walls were made of aluminum. Each grid floor was
wired to a shock generator and scrambler (Med Associates, Inc.).
A stainless steel pan coated with benzaldehyde (2.5 pL of benz-
aldehyde per 1 mL of absolute ethyl alcohol) was inserted under
the grid floor to provide an odor. The chamber was cleaned with
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Procedure

On day 1, rats received 10 trials of either
trace or unpaired fear conditioning
within a single session. A trace condi-
tioning trial consisted of a 16-sec tone (2
kHz, 72 dB) followed by a 28-sec “stimu-
lus-free” trace interval and then a 2-sec footshock (0.9 mA). Un-
paired conditioning consisted of 10 tone presentations followed
by 10 footshock presentations, or vice versa. The inter-trial in-
terval was 256 sec (tone-onset to tone-onset) for trace condition-
ing, and the inter-stimulus interval was 128 sec (stimulus onset
to stimulus onset) for unpaired conditioning, thus producing
equal training session lengths across all animals.

Twenty-four hours following conditioning, half of the ani-
mals underwent surgery. All other animals remained undisturbed
in their homecages on this day. Two hundred days following
training, the rest of the animals underwent surgery. Eleven days
following surgery, animals received one context and one tone
test session across two consecutive days in counterbalanced or-
der. For the context test, they were placed into the training con-
text (no tones or footshocks). For the tone test, they were placed
into a novel context and received three presentations of the 16-
sec tone used during training, separated by 4 min. Defensive
freezing, defined as the absence of movement, except that neces-
sitated by respiration (e.g., Fanselow 1980), was used as the de-
pendent measure. A blind observer scored each rat every 8 sec
during the context test and every 2 sec for the duration of the
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tone test. Animals were anesthetized and perfused with 0.9%
saline and 10% formaldehyde. The brain was stored in 10% for-
malin/30% sucrose solution, cut into 50-pm coronal sections,
mounted, and stained using thionin. Images of whole sections at
the rostral-caudal levels shown in Figure 1 were captured, and
the area of the lesion was calculated using an image processing
and analysis program (ImageJ, NIH). The percentage of tissue
damaged in each section was calculated by dividing the area of
lesioned tissue by the total area of that brain region.
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