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Behavioral/Cognitive

The Hippocampus and Dorsolateral Striatum Integrate
Distinct Types of Memories through Time and Space,
Respectively

Janina Ferbinteanu
Departments of Physiology and Pharmacology, and Neurology, SUNY Downstate Medical Center, Brooklyn, New York 11203

Several decades of research have established that different kinds of memories result from the activity of discrete neural net-
works. Studying how these networks process information in experiments that target specific types of mnemonic representa-
tions has provided deep insights into memory architecture and its neural underpinnings. However, in natural settings reality
confronts organisms with problems that are not neatly compartmentalized. Thus, a critical problem in memory research that
still needs to be addressed is how distinct types of memories are ultimately integrated. Here we demonstrate how two mem-
ory networks, the hippocampus and dorsolateral striatum, may accomplish such a goal. The hippocampus supports memory
for facts and events, collectively known as declarative memory and often studied as spatial memory in rodents. The dorsolat-
eral striatum provides the basis for habits that are assessed in stimulus-response types of tasks. Expanding previous findings,
the current work revealed that in male Long-Evans rats, the hippocampus and dorsolateral striatum use time and space in
distinct and largely complementary ways to integrate spatial and habitual representations. Specifically, the hippocampus sup-
ported both types of memories when they were formed in temporal juxtaposition, even if the learning took place in different
environments. In contrast, the lateral striatum supported both types of memories if they were formed in the same environ-
ment, even at temporally distinct points. These results reveal for the first time that by using fundamental aspects of experi-
ence in specific ways, the hippocampus and dorsolateral striatum can transcend their attributed roles in information storage.

Key words: hippocampus; striatum; cognitive memory; habits; functional principles of memory circuits; memory integra-
tion; memory systems
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The current paradigm in memory research postulates that different types of memories reflected in separate types of behavioral
strategies result from activity in distinct neural circuits. However, recent data have shown that when rats concurrently
acquired in the same environment of hippocampal-dependent spatial navigation and striatal-dependent approach of a visual
cue, each of the two types of memories became dependent on both the hippocampus and dorsolateral striatum. The current
work reveals that the hippocampus and dorsolateral striatum use distinct and complementary principles to integrate different
types of memories in time and space: the hippocampus integrates memories formed in temporal proximity, while the lateral
striatum integrates memories formed in the same space. j
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Introduction
The multiple memory systems theory postulates that different
types of memories result from the activity of distinct brain
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circuits with different properties and dynamics. The operational
principle of the memory systems is considered to be independent
parallelism, meaning that although information flows through all
memory networks at the same time, processing within a given
system occurs autonomously and each network supports one
kind of memory (Squire et al., 1993; Squire, 2004; White et al.,
2013). This principle was formulated after numerous experi-
ments in both animals and humans had shown that damage to
one circumscribed memory circuit caused deficits in one of two
behavioral tasks, each testing a distinct type of memory, while
damage to a different memory circuit resulted in the opposite
pattern. Based on numerous experiments of this kind, it is widely
accepted that declarative memory, which includes spatial represe-
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Behavioral paradigm and experimental design. A, The experiment used two distinct tasks: spatial navigation with serial reversals (left) and cue response (right). In both tasks, the

animals started either in the North or South arm of a plus maze apparatus and had to find food in either the East or the West arms. On any given trial, the unused start arm was blocked. In
the spatial navigation task, the food could be found based on its location, which was consistent until the rat chose the correct arm nine times correct in a sequence of 10 trials. At that point,
the location of the food was switched to the other arm and a new block of trials started. Each session was constituted of four blocks to a total of maximum 60 trials. In the cue response
task, the food was placed on a white flag whose position was randomly varied between the two goal arms to a total of 45 trials. The design ensures that the behavioral strategies suitable for
solving each of the two tasks are mutually exclusive. B, Two training conditions, space separate and time separate, were used. In the space separate condition, rats were trained/tested in both
tasks during the same day, but each task was set in a dedicated context. On the fifth (last) day of retention testing, task-context pairings were swapped (context—task reversal). In the time
separate condition, each rat was trained/tested in one context where it ran one task daily switching randomly between spatial and response learning across days. The two tasks were presented

in random order.

ntations, is selectively dependent on a neural network centered on
the hippocampus (HPC; Scoville and Milner, 1957; Packard et al.,
1989; Squire and Zola-Morgan, 1991; McDonald and White, 1993;
Eichenbaum, 2000; Aggleton and Pearce, 2001; White and
McDonald, 2002), while habits, which include stimulus-response
(S-R) behaviors, require an intact dorsolateral striatum (DSL;
McDonald and White, 1994; Knowlton et al.,, 1996; Packard and
McGaugh, 1996; Devan and White, 1999; Squire, 2004; Yin and
Knowlton, 2004).

Recent data, however, have shown that the HPC and DSL can
each support memories generally thought to be independent of
these structures (Jacobson et al, 2012; O'Reilly et al, 2014;
Ferbinteanu, 2016). In the most recent of these studies
(Ferbinteanu, 2016), when rats concurrently learned a spatial
navigation and a cue response task on the plus maze in the same
context (understood here as the environment within which the
animal behaves), lesions of the HPC and DSL no longer resulted
in the expected double dissociation effects, which were still dem-
onstrated if different groups of animals learned either of the two
tasks alone. Instead, HPC and DSL lesions each impaired both
spatial and response memory. Lesions of the dorsomedial stria-
tum (DSM), a structure thought to be involved in flexible behav-
ior or behavior based on action outcome associations (Ragozzino
et al., 2002b; Yin et al., 2005; Lee et al., 2014), also impaired per-
formance in both tasks, but in this case, the impairment occurred

regardless of training parameters. These findings indicated that
when spatial and response learning occur concurrently and in
the same context, the HPC and DSL can be involved in behavior
that is incongruous with their otherwise known functions. Thus,
these structures can engage in functional coupling to integrate
memories of different kinds. If HPC-DSL functional coupling is
based on a nonspecific, general process that occurs in memory
networks when distinct types of learning occur in temporal prox-
imity or constant environment, then separating the learning
experiences in either time or space would presumably reverse the
coupling, and the behavioral contributions of the two memory
structures would shift toward the typical dissociation present
when the animals learn only one task at a time. To test this hy-
pothesis, the current experiment evaluated the memory deficits
caused by HPC, DSL, and DSM lesions when spatial and
response learning were separated either in space but not time, or
in time but not space (Fig. 1). One group of rats was trained in
temporally adjacent spatial navigation and cue response tasks,
but each task was learned in a dedicated context (a condition
referred to below as “space separate”); this procedure separated
the two kinds of learning in space but not time. A second group
of rats learned the same tasks in one environment, but training
on each task occurred during distinct days (a condition referred
to below as “time separate”); this procedure separated the two
kinds of learning in time but not space. After reaching a set
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performance criterion, animals received selective HPC, DSL,
DSM, or sham lesions and were subsequently tested for retention
following the same procedure as during training. Because rats
trained in S-R tasks should be able to detect changes in context
(McDonald et al,, 2001), the contexts were swapped during the
last day of testing in the space separate condition.

Materials and Methods

Subjects

Male Long-Evans rats (weight, 300-350 g; age, 4-6 months; Envigo)
were individually housed (12 h light cycle) and tested during the day.
The animals were acclimatized to the colony, randomly assigned to one
of four groups (DSL lesion, HPC lesion, DSM lesion, or sham), and food
was deprived to no more than 85-90% of ad libitum body weight and
kept at this standard throughout the experimental procedure. A total of
63 animals (32 rats for the space separate condition and 31 rats for the
time separate condition) were included in this study, but only data from
animals with lesions restricted to the intended areas were incorporated
in the final analysis, as follows: DSM and DSL, six rats/group in either
training condition; HPC, seven rats/group in the space separate condi-
tion; and eight rats/group in the time separate condition. Sample size
was determined based on previous work (Ferbinteanu, 2016) showing
that the same type of lesions as in the current experiment resulted in
large differences relative to control groups. After training, animals
within each training condition were randomly assigned to one of the fol-
lowing four groups: sham; HPC lesion; DSL lesion; and DSM lesion. All
procedures were approved by the SUNY Downstate Medical Center
Animal Care Committee (protocol 15-10452). The investigator was not
blinded to group allocation or training-testing procedures, or during
data analysis.

Apparatus

The two plus mazes were made of gray polyvinyl chloride (PVC) and ele-
vated 91 cm from the floor of two distinct rooms that each contained
several visual cues and were illuminated distinctly. Each of the four arms
was 61cm long and 6.3cm wide. A gray PVC block (30.4cm high,
6.3 cm wide, 15.2 cm deep) was used to block the start arm that was not
in use for that trial. In each case, a rectangular waiting platform (32 x
42 cm) was placed next to the maze. In the cued version of the task, a
white visible flag also made of PVC was used to indicate the location of
the food in the maze; during the spatial version of the task, the cue was
placed on a table in the room and not in the maze.

Experimental design: behavioral training and testing

Experiment 1: learning two types of tasks in temporal proximity but in
distinct contexts

One set of animals was trained in the two tasks on the same day, but
each task was consistently associated with a dedicated environment.
Each animal underwent 1 d of habituation, during which it was placed
in each of the plus mazes in the presence of food; the visible flag was
present in the maze in which the animal would then run the cue
response task. Within each lesion group, the environments were coun-
terbalanced across animals, and the tasks were learned in random order
across days; once an animal completed a session in one environment, it
was placed in the home cage and transferred to the second environment,
where it underwent the second session. Training continued until the rats
reached a criterion of <20% errors for 2 consecutive days in both tasks,
after which they were assigned to one of the following four groups: HPC
lesions, DSM lesions, DSL lesions, and sham controls. After a recovery
interval of 5-10 d, retention was evaluated for 5 consecutive days. To test
whether the animals associated a task with its dedicated environment,
on the last day of postlesion testing, each animal performed each of the
two tasks in the “other” environment.

Experiment 2: learning two types of tasks in the same context but at dis-
tinct times

A second group of animals was trained in the same two tasks, but in this
case, each animal was trained in only one context and learned the two
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Table 1. Lesion coordinates

a. Hippocampal lesions

1.AP,3.1; L, =1.0;V, 3.6, 0.25 pl 6. AP, 5.0; L, £5.2;V, 5.0; 0.3 pl

2. AP, 3.1; L, =£2.0; V, 3.6; 0.25 pl 7.AP,5.0; L, =5.2;V, 73,03 ul

3.AP, 4.0; L, £2.0;V, 4.0, 0.25 ul 8. AP, 5.8 L, £4.4;V, 4403l

4. AP, 4.7; L, £3.5;V, 4.0; 0.25 ul 9. AP, 5.8; L, £5.1; V, 6.2; 0.40 ul
5.AP,5.0; L, =3.0;V, 4.1, 03 ul 10. AP, 5.8; L, =5.1; V, 7.5; 0.40 pl
b. DSM lesions DSL lesions

1. AP, +1.6; L, =1.9; V, 4.8 0.20 pl 1. AP, +1.6; L, =3.0; V, 6.2, 0.20 pl
2. AP, +0.5; L, £2.2;V,5.0 0.20 pl 2. AP, +0.8; L, £3.7;V, 6.6; 0.20 pl
3.AP,08; L, =2.8;V, 3.6 0.20 ul 3. AP, 0.5 L, =45;V, 6.6;0.20 pl
AP, Anteroposterior from bregma; L, lateral from bregma; V, ventral from bregma. All coordinates are in
millimeters.

tasks on different days. Task presentation was based on a pseudorandom
sequence so that no task was performed more than 3 d in a row. An exam-
ple of a training sequence across days is cue-cue-spatial-cue-spatial-cue-
spatial-cue-cue-spatial-spatial-spatial-cue-spatial-cue-spatial-cue-cue. The
training continued until the animal reached the <20% error criterion on 2
consecutive days for each of the two tasks, after which the animals were
randomly assigned to the four lesion subgroups. To avoid a context-spe-
cific effect, the same two environments as in experiment 1 were used in a
counterbalanced manner (thus, in a lesion subgroup of six animals, three
would be trained/tested in one environment and the remaining three in
the other), as were the context/task of the first postlesion retention test.
After a recovery interval of 5-10d, retention was evaluated for 10d
assigned randomly to five spatial and five response tests.

Spatial navigation and cue response tasks

All animals were pre-exposed to the maze in the presence of food for 2
consecutive days and then trained to walk from either the north or the
south start arms to the end of west or east goal arms to obtain half a
Fruit Loop. Between trials, the rats were placed on the side platform to
wait for the next trial. Entry with all four paws into the unrewarded arm
defined an error, which the rat was allowed to correct (thus, each trial
was reinforced). Training procedures followed previously published pro-
tocols (Ferbinteanu, 2016) and used a spatial navigation task with serial
reversals and a cue response task (Fig. 1). In both cases, the start and the
goal arm were selected based on a pseudorandom sequence of 60 trials
with at most three consecutive repetitions of the same type of journey
(NE, NW, SE, or SW). On any given trial, the unused start arm was
blocked and only one of the two goal arms was baited; thus, the appara-
tus functioned as a T-shaped maze that could be easily reversed across
trials.

Spatial task. In the spatial task, the animal was rewarded for remem-
bering spatial location. The position of the food was kept constant until
the rat entered the correct goal arm in 9 of 10 consecutive trials. At that
point, the other goal arm was baited and a new block of trials began. If
the animal did not reach the criterion in a maximum of 15 trials, the
location of the food was changed automatically, to avoid unbalanced
reinforcement of any specific goal arm. Alternating trial blocks contin-
ued up to either four blocks or 60 total trials.

Cue task. In this case, the rats had to remember an association
between the visible cue, whose location was rendered irrelevant by
changing the start and goal positions based on a pseudorandom
sequence, and a motor response, which was the walk toward the cue.
Animals received 45 trials in each session, a number approximately equal
to the number of trials necessary to complete four blocks of trials in the
spatial task. Thus, each goal arm was approximately equally rewarded
both within and across tasks.

Lesions

At the end of the training phase, animals were randomly assigned to one
of the following four groups: sham control group, HPC lesion group,
DSL lesion group, and DSM lesion group. Rats were anesthetized with
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isoflurane and diazepam (10 mg/kg). Atropine (5mg/kg body weight)
was also administered to avoid fluid accumulation in the respiratory
tract. Neurotoxic lesions were made by injecting either a solution of
5mg/ml NMDA in phosphate buffer, pH 7.4 (Tocris Bioscience), or a
solution of quinolinic acid (Tocris Bioscience; 25 mg/ml in phosphate
buffer titrated with sodium hydroxide to pH 7.4) through a 30 gauge
cannula attached to a minipump (0.2 ul/min; Model NE-4000, New Era
Pump Systems). At the end of each injection, the cannula was left in
place for 3 min, retracted 0.5 mm, and left in this location for 2 min, af-
ter which it was slowly and completely retracted. The coordinates of
each injection and the volumes injected are presented in Table 1. To pre-
vent seizure development, a second intraperitoneal injection of diazepam
(10 mg/kg body weight) was administered before neurotoxin infusion,
and the animals were monitored until completely awake and active in
their home cages. Sham animals were anesthetized, incised, and sutured.

Statistical analysis of behavioral data

Percent performance error was calculated for each rat during each day of
testing, and a mean was calculated for each group during each day. All
analyses were performed using SAS version 9.2 (SAS Institute).
Differences in performance were assessed using two-way mixed-model
analyses that included data from all animals for each of the two training
conditions. Time (in days) and lesion group were entered into the model
as categorical independent variables, and performance as the percentage
error on repeated time points was entered as a dependent variable. The
degrees of freedom were computed according to the Satterthwaite for-
mula, which takes into consideration the variance within the group
along with the sample size and is robust against heterogeneity of var-
iance. Where overall analyses indicated significant differences, differen-
ces in performance between each lesion group and the sham group were
further investigated. The effects of the reversal test (fifth postlesion day
in the space separate condition) were assessed by using a two-tailed
paired t test to evaluate for each group the behavioral performance dur-
ing the test relative to the performance during the previous day.

Tissue preparation and processing for histology

Rats were overdosed with isoflurane (administered in a closed environ-
ment) and perfused transcardially with normal saline followed by 10%
formalin for tissue fixation. Coronal sections (40 tm) were cut on a cryo-
stat and stained with cresyl violet to evaluate the extent of the lesion.

Lesion assessment

Brains were coronally sectioned. Each fourth section in the striatum
lesion groups, and each fifth section in the hippocampal lesion groups
was mounted on a microscope slide to be used for lesion evaluation. We
first visually inspected the sections under the microscope and traced
each lesion on a set of histologic plates (Paxinos and Watson, 1988).
Data from animals whose lesions were not sufficiently inclusive (i.e., not
encompassing most of the targeted area) and selective (i.e., extending
bilaterally to significant portions of other brain areas) were excluded
from further analysis. The lesions that met the criteria underwent quan-
tification analysis. All slides incorporated in the analysis were scanned
using a slide scanner (Aperio AT2, Leica Biosystems) to generate digital
images of the sections. Dedicated software (ImageScope, Leica
Biosystems) was then used to visualize and measure for each section the
area of preserved hippocampal or striatal tissue. This procedure was also
performed for brain tissue from four control animals for the dorsal stria-
tum and four control animals for the hippocampus. Ten sections were
selected from each animal in the DSM and DSL groups and 14 sections
in the HPC groups (approximately half the total number of sections) so
that approximately equivalent levels on the anteroposterior axis were
captured in the analysis across animals. The values of the preserved tis-
sue areas were then summed to estimate the total healthy tissue for each
animal. (Because the brain tissue was sampled at regular intervals of
200 pm for all HPC tissue and 160 pm for all striatal tissue in control
and lesion animals alike, multiplying by the constant distance between
sections was not necessary to obtain an estimate of the lesion size as a
percentage of the total structure.) The totals for the control animals were
averaged for the dorsal striatum and hippocampus, and the resulting
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values were considered as 100% in the computation that evaluated the
lesion size. For each lesioned animal, the percentage of healthy tissue
was computed by dividing the area of healthy tissue in their brain by the
corresponding area in the control brain; the percentage of lesion was
then obtained as the difference between the percentage of healthy tissue
and 100%. For each lesion group, we compared the percentage of dam-
age across the three experimental conditions using an unpaired two-
tailed t test (SAS Institute).

Results

Lesions encompassed the intended brain areas
For each animal, the lesion’s selectivity was evaluated; only data
from animals with damage restricted to the intended brain areas
were considered for further analysis. Neurotoxic cortical damage
was small and typically only the mechanical damage at the can-
nula insertion point was present. All tissue with signs of gliosis
was considered lesioned, regardless of whether the principal neu-
rons might have been spared at the periphery of the affected area
(Fig. 2A, orange arrowheads). For the HPC lesion groups, all
areas of HPC proper (dentate gyrus, CA3, CA2, and CAl)
incurred large, almost complete, damage in both dorsal and ven-
tral portions of the structure (Fig. 2A, top two rows). In general,
the ventral tip of the HPC was spared, as well as the ventral blade
of the dentate gyrus at the most anterior HPC pole. There was
minor damage to the subiculum in the anterior areas, but no
damage was found in the entorhinal cortex or other nearby corti-
cal regions. Two animals in each of the two HPC lesion groups
had small cortical damage. There was small unilateral damage in
the thalamus in one rat in the time separate condition resulting
from a deep penetration of the cannula, which was not accompa-
nied by neurotoxic damage; the data of this animal did not show
marked differences from the data of the rest of the subjects in the
same group. Regarding the dorsal striatum, in the rat there is no
physical separation between the functionally distinct medial and
lateral areas, which are histologically homogeneous. The distinct
functional roles of these areas (acquisition of flexible, goal-
directed, outcome-sensitive associations for DSM vs rigid, goal-
independent, outcome-insensitive instrumental responses for
DSL) are related to their cortical input, which originates in vari-
ous prefrontal areas and the somatosensory cortex, respectively
(Voorn et al, 2004). There is also some overlap between the
inputs as orbitofrontal, anterior cingulate, and precentral cortices
reach the DSL as well as the DSM (Mailly et al., 2013, their Fig.
4). In this study, the aim was to achieve DSM and DSL lesions as
inclusive as possible that would conform to known topography
of anatomic connections (McGeorge and Faull, 1989; Voorn et
al., 2004; Groenewegen, Voorn, and Scheel-Kriiger, 2016). For
DSL lesion groups, three animals in the space separate condition
and four animals in the time separate condition had small unilat-
eral damage to claustrum, endopiriform cortex, lateral orbital
cortex, and globus pallidus. For DSM lesion groups, one animal
in the space separate condition and two animals in the time sepa-
rate condition had small damage to globus pallidus. Overall, the
lesions distinguished well between the medial and lateral areas of
the dorsal striatum with overlap restricted to the most anterior,
dorsal, and lateral regions of the striatum (Fig. 2B). Lesion size
was not significantly different across training conditions in any
of the lesion groups (DSM: t(10) = 1.678, p=0.1241; DSL: t(;0) =
0.166, p=0.8711; HPC: ;3 = 1.073, p=0.3084; Fig. 2A right
inset, B).

Basic aspects of behavior were not affected by the lesion.
Animals in all lesion groups continued to readily enter the
goal arms from the central stem, were highly motivated, and
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Figure 2. Lesions were localized in the targeted areas. A, Each of the six lesion groups
(HPC, n=7 and n=8; DSM, n=6 and n=6; and DSL n=6 and n=6; in space separate
and time separate training conditions) is represented by one lesion illustration. The top two
rows (two different rats) show sections in dorsal (left) and ventral (right) HPC from the same
animal. Photomicrographs of coronal sections through the brain at low magnification indicate
the lesion area (circled in black). Enlarged parts of the small area within the red square are
presented to the left in each case to enable comparison between degenerating or dead cells
(red arrowheads) and healthy cells (black arrowheads). For both DSM and DSL groups, tissue
with any signs of gliosis (e.g., astrocytic invasion among apparently normal cells, orange
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completed entire sets of trials for each type of task. There was
also no indication that animals with HPC lesions would adopt a
body-turn strategy (presumably dependent on the DSL) or that
the animals with DSL lesions would persevere in going to one
spatial location.

DSL supported spatial memories acquired in the same
environment as response memories; HPC supported
response memories acquired concurrently with spatial
memories

Rats with DSL lesions showed a significant spatial memory defi-
cit relative to controls throughout the 5d of retention testing
when spatial and response memories were acquired in the same
environment (Fig. 34, left, Table 2, a). Directly comparing the
spatial performance of animals with this type of lesion in the two
training conditions highlighted the large difference that the
training procedure caused on performance (F(;470) = 84.14,
p < 0.00,001; Fig. 3B, top left). At the same time, as expected,
DSL lesions impaired response memory regardless of training
procedure (Fig. 3A, right, Table 2, b; for more on the recovery
from the memory deficit in the space separate condition, see
below). Thus, while DSL supports a rigid habitual response to a
single cue in general, it can also become involved in a behavior il-
lustrative of declarative memory if spatial and response learning
occur in the same environment. Current data do not clarify
whether the DSL formed its own context representation, directly
accessed the context representation formed by the HPC, or
accessed the HPC context representation at the level of control
over the motor output. The results of the reversal test in the
space separate condition suggested that in this experiment, con-
text representations were selectively dependent on the HPC
because, unlike for the rest of the animals, the performance of
this lesion group was not altered by the context swap in either of
the two tasks (Fig. 3A, top row, Table 3).

The performance of the HPC lesion groups on the cue
response task showed a pattern of impairment largely comple-
mentary to the one described above for animals with DSL lesions
on the spatial task (Fig. 34, right). Specifically, these groups were
consistently impaired in response behavior when the rats formed
spatial and response memories in close temporal succession but
in distinct environments (Fig. 3B, second row right, Table 2, ).
In the other training condition, when spatial and response mem-
ories were acquired in the same environment across different
days, the HPC lesion group had a deficit in response memory
only on the first day of retention testing. The result was caused
by the poor performance of three out of eight animals (Fig. 3B,
inset of second row, right-hand panel). The rapid recovery of the
memory deficit of these animals on the subsequent day suggested
that an already existing cue-response association regained
control over the motor output. Directly comparing response

«—

arrowheads) was marked as lesioned. Similarly, HPC lesions included areas where neurons
were either missing or degenerating, or astrocytes were seen in large numbers. The inset
presents the results of the quantification analysis. For the DSM and DSL lesions, proportions
of lesions were calculated based on the volume of the entire dorsal striatum. B, Extent of
the lesions. For all animals whose data were included in the analysis, lesioned areas were
marked and superimposed on the same set of corresponding diagrams. Areas lesioned in all
animals of a group show as the darkest gray, and areas lesioned in only one animal are
shown as lightest gray. The brain tissue was damaged at the insertion point of the injection
needle in all cases; the figure shows only damage larger than what would be expected from
the 30 ga cannula. The red contours show the approximate area of the intended DSL lesion
superimposed on the DSM lesions and vice versa (adapted from Groenewegen et al., 2016).



9060 - J. Neurosci., November 18,2020 - 40(47):9055-9065

A Space Separate

Spatial navigation Cue response W osm
@ ost

\ &GS

N o
e

R EEN]

I
\,

..... ing sesion

Time Separate

“1 Spatial navigation

s 2 8 5 8 s

Cue response

B — Space Soparate

. -~ Time Separate

st

HPC E: '\vr'\v 3

sram §

C Spatial navigation ~ Cue response

“ ingray = cue8spatial
. * == one task only
in color —— Space Separate
5 % - % T2-- Time Separate
» » .
os C-iey fegsd - 8
e //.-u ARaEALS: Y
o ‘\r'\ I v
HPC . = ¥
B Pt
- B @
I- e =
psm 2 S .
e
. B . B .
Sham &%
D Cue only Space Separate  Time Separate  Cue & spatial
i . - -
DsL
] N,y A e .
5 =N = %
WG ' | My
A (S
psM A y A I } N

Sham e e }-

Sham

Figure 3.  Behavioral performance for all groups in the two training conditions. A, Data
organized to facilitate comparisons among lesion groups within the same training condition
and during the reversal test in the space separate condition. All rats performed well before
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performance in animals with HPC lesions that underwent differ-
ent training procedures underscored the large differences in the
behavior of these two groups (F(; 60 = 114.55, p<0.0001). In
contrast with the selective effect on response performance, HPC
lesions consistently impaired spatial navigation (Fig. 3B, second
row left, Table 2, d). Thus, the HPC is critical for spatial repre-
sentations in general, but it can additionally support response
memories if they are formed in temporal proximity to spatial
memories.

DSM supported flexible behavior

Although the DSL and DSM are both parts of the dorsal stria-
tum, the DSM is involved not in habitual, but flexible, goal-
directed behaviors (Ragozzino et al., 2002a,b; Yin et al., 2005,
2006; Gremel and Costa, 2013). The current results were in
agreement with this idea, as DSM lesions generally impaired per-
formance regardless of training conditions in both the spatial

«—

the surgery, and sham animals continued to do so after the surgery. In contrast, lesioned ani-
mals exhibited memory deficits. In the space separate condition, the DSL group had normal
spatial and impaired response memories while the HPC group made many errors in both spa-
tial and response tasks. In the time separate condition, the pattern reversed: the DSL group
showed both spatial and response memory deficits, while the HPC group had impaired spa-
tial but largely normal response memory (see B and text for details of performance during
the first day postlesion). The DSM groups showed various degrees of memory deficits
throughout retention testing. Context reversal disrupted the performance of sham animals.
Rats with HPC lesions did not alter their performance, the DSL lesion group performed worse
in the response task, and the DSM lesion group performed worse in the spatial task. For all
graphs, vertical axes show the percentage error in behavioral performance (mean = SEM),
and horizontal axes show training/testing sessions, with the break marking the surgery point.
The green horizontal lines at 20% indicate the criterion threshold. The red horizontal lines at
50% indicate chance performance level. B, Same data as in A organized to reveal effects of
training conditions. DSL was critically involved in response memory overall, but also sup-
ported spatial navigation when spatial and response learning occurred in the same context
during different days (top row, left). HPC was ritical for spatial navigation overall, but addi-
tionally supported cue response when spatial and response learning occurred concur-
rently in different contexts (second row, right). The inset shows individual data points
during the first day of retention testing for the space separate (black) and time sepa-
rate (white) conditions. Five of the eight animals in the time separate condition were
close to criterion level. In contrast, six of seven animals in the space separate condi-
tion showed severe impairment. Sham animals performed well regardless of training
paradigm. In all cases, statistical analyses included only data from days 1-4 post-
lesion training (i.e., excluded the context/task reversal test). Blue highlights indicate
the datasets that do not conform to the current thinking on memory organization. ,
Same data as in A and B (in color), combined with previous data (in gray;
Ferbinteanu, 2016) illustrating the effects of DSL, HPC, and DSM lesions on spatial
and response memories after training in only one of the two tasks (one task only,
dark gray) or after training in the two tasks concurrently in the same context (Cue
response and Spatial navigation, light gray). The effects of training paradigm on the
performances of DSL groups in spatial navigation and HPC groups in cue response are
similar in the two experiments (blue highlights). Thus, the time factor can account by
itself for the effect on response memory induced by HPC lesions. Similarly, the space
factor can account by itself for the effect on spatial memory caused by DSL lesions. In
contrast, the performances of DSL lesion groups in the cue response task and HPC
lesion groups in the spatial navigation task varied between this and previous experi-
ments, as did the performance of the DSM lesion groups overall. The behavior of
sham animals remained consistent across training protocols. D, Same data as in €
replotted to facilitate visualizing the distinct contributions DSL, HPC, and DSM had to
normal behavior. The training protocol is indicated at the top of each column, and the
performance of the sham group in that condition is shown in the bottom panel.
Comparing across the bottom row reveals that normal animals performed similarly
regardless of training. However, in each case the performance was supported to dif-
ferent degrees by the three brain areas, an effect modulated by the training protocol.
i, Cue response. ji, Spatial navigation.
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Table 2. Response and spatial memory deficits in DSL and HPC lesion groups, respectively

Space separate DF t Value Pr> 1 Time separate DF t Value Pr> |
a. DSL vs sham spatial task Day 1 post 585 0.62 0.5377 Day 1 post 93.3 418 <<0.0001
Day 2 post 58.5 0.62 0.5377 Day 2 post 93.3 5.87 <<0.0001
Day 3 post 58.5 0.71 0.4814 Day 3 post 933 5.56 <<0.0001
Day 4 post 58.5 137 0.1751 Day 4 post 933 531 <0.0001
Day 5 post 93.3 439 <<0.0001
b. DSL vs sham cue response task Day 1 post 84.1 422 <0.0001 Day 1 post 130 3.7 0.0003
Day 2 post 84.1 4.65 <0.0001 Day 2 post 130 452 <0.0001
Day 3 post 84.1 1.93 0.0568 Day 3 post 130 4.79 <<0.0001
Day 4 post 84.1 0.32 0.7533 Day 4 post 130 457 <0.0001
Day 5 post 130 461 <0.0001
¢. HPC vs sham cue response task Day 1 post 84.1 6.84 <<0.0001 Day 1 post 130 432 <<0.0001
Day 2 post 84.1 6.98 <<0.0001 Day 2 post 130 1.06 0.2903
Day 3 post 84.1 497 <0.0001 Day 3 post 130 0.16 0.8742
Day 4 post 84.1 5.25 <<0.0001 Day 4 post 130 —0.02 0.9806
Day 5 post 130 1.9 0.0592
d. HPC vs sham spatial task Day 1 post 58.5 5.42 <0.0001 Day 1 post 933 8.12 <0.0001
Day 2 post 585 473 <<0.0001 Day 2 post 93.3 6.6 <<0.0001
Day 3 post 58.5 5 <<0.0001 Day 3 post 933 9.15 <<0.0001
Day 4 post 58.5 431 <0.0001 Day 4 post 933 8.29 <0.0001
Day 5 post 93.3 8.37 <<0.0001
e. DSM vs sham spatial task Day 1 post 58.5 4.07 0.0001 Day 1 post 933 5.36 <0.0001
Day 2 post 58.5 2.79 0.0071 Day 2 post 933 1.89 0.0621
Day 3 post 585 2.57 0.0128 Day 3 post 93.3 1.48 0.1422
Day 4 post 585 3.1 0.003 Day 4 post 933 143 0.1563
Day 5 post 933 2.04 0.044
DSM vs sham cue task Day 1 post 84.1 1.54 0.128 Day 1 post 130 411 <<0.0001
Day 2 post 84.1 453 <0.0001 Day 2 post 130 2.88 0.0047
Day 3 post 84.1 3.63 0.0005 Day 3 post 130 247 0.015
Day 4 post 84.1 3.74 0.0003 Day 4 post 130 1 0.317
Day 5 post 130 1.23 0.2199

Each section lists the results of ¢ tests comparing performance of animals with DSL, HPC, or DSM lesions to the performance of corresponding sham groups. The tests were planned a priori and run after the results of the
two-way mixed analyses indicated highly significant main effects and interactions; the degrees of freedom were computed based on Welch—Satterthwaite equation. Post, After lesioning.

Table 3. Results of the reversal test

Lesion DF t Value Pr> |
Spatial task DSL 25 -1 0.3259
DSM 25 —2.82 0.0093
HPC 25 —0.64 0.5293
Sham 25 —2.44 0.022
Cue task DSL 25 —2.44 0.022
DSM 25 1.6 0.1212
HPC 25 1.18 0.2485
Sham 25 —1.82 0.0802

The table list the results of a priori planned ¢ tests comparing for each lesion group the performance during
the reversal test in the space separate condition relative to the preceding day.

and response tasks. The degree of impairment varied with train-
ing procedure, but the size of the effect was considerably smaller
than for those of the other two types of lesions and stronger in
the response than in the spatial task (Fig. 3A,B, third row; spatial
navigation: Fj 470y = 3.57, p=0.0650; cue response: F 479y =
5.11, p=10.0283; Table 2, e). This pattern of results is not surpris-
ing given that in each task, the animals have to adapt the body
turn at the center of the maze to their start position relative to
the goal. The data also suggested that the DSM lesions may cause
slightly more impairment in the space separate condition overall,
which is also not surprising because, in this case, the animals
have to switch from one task to another within the same test ses-
sion. Thus, the DSM supported both spatial navigation and ha-
bitual response to a discrete cue, and overall the data indicate
that its contribution is consistent with a role in behavioral

flexibility.

The magnitudes of spatial and response memory deficits
were modulated by training procedure

A large body of empirical data links the DSL to S-R behavior and
the HPC to spatial navigation. The results of the current experi-
ment confirmed this idea but also indicated that for both struc-
tures, the magnitude of the memory deficit was modulated by
the training condition (HPC: F(; 599y = 9.86, p=0.0026; DSL:
F(1,473) = 4.54, p=0.0383; Fig. 3B, top row right and second row
left). Animals with HPC lesions had a permanent spatial memory
deficit regardless of how the task was learned. Animals with DSL
lesions showed permanent impairment in response memory in
the time separate condition. In the space separate condition, this
lesion group initially showed a strong impairment during the
first 2 d of retention testing, which then declined rapidly and was
eliminated in the next 2 d. Thus, in this case and in this case
only, the remaining neural circuits (which do not include rem-
nants of the DSL network) can rescue the response behavior. As
already described above, training condition also modulated the
performance of the DSM lesion groups but note that in this case,
the space separate condition was consistently associated with
more impairment, which was not the case with DSL and HPC
lesions. In contrast, the training condition did not affect the pro-
ficient performance of normal animals (Fig. 3B, bottom row).
Collectively, these findings showed that the specialized represen-
tations formed by each of the three brain structures forms can
support the corresponding behaviors as a matter of degree,
depending on training condition. If so, then it is of interest to
know how the results from the current experiment compare to
previous work (Ferbinteanu, 2016), when animals with similar
types of lesions learned the same two tasks concurrently and in
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the same environment (i.e., in a way that combined the spatial
and temporal factors). Thus, the past and current results were
plotted on the same graphs (Fig. 3C). Comparison between these
two datasets revealed two facts. First, for both the DSL and HPC,
the pattern of contribution to the task incongruous with the style
of information processing of that structure—DSL to spatial navi-
gation and HPC to cue response—were remarkably similar (Fig.
3C, blue highlights). Because the DSL groups performed the
same in spatial navigation regardless of whether the rats learned
the two tasks concurrently (previous data) or on distinct days
(current data), it seems that the temporal factor did not modulate
the ability of the DSL to integrate distinct memories based on
space. Similarly, because the HPC groups performed the same on
cue response regardless of whether the rats learned the two tasks
in the same (previous data) or distinct (current data) contexts, it
seems that the spatial factor did not impact the ability of the
HPC to integrate distinct memories based on time. This finding
supports the idea that the HPC and DSL integrate memories
based not only on distinct, but also largely complementary func-
tional principles. Second, the comparison between past and pres-
ent results further confirmed that in tasks congruous with the
type of representation that each brain area forms, the lesion
effects were modulated by the training protocol (Fig. 3C). The
effects do not suggest a hierarchical organization such that the
highest levels of deficit would result when spatial and temporal
factors are combined (animals learn cue and spatial tasks to-
gether in the same context; the previous experiment), next down
would be the effects corresponding to one of the two factors
(temporal or spatial by themselves; the present experiment), and
the least deficit would result when neither factor is present (ani-
mals learn only one task at a time). Thus, depending on learning
circumstances, the same normal memory-based behavior (Fig.
3Di,ii, bottom two rows), currently thought of as being guided
by a set neurobiological basis, can be in fact supported by vastly
different neural networks, which can extend across multiple core
memory structures. Thus, even these two simple tasks reveal that
behaviors are highly degenerate.

Alternative explanations of current results

Effects of consecutive behavioral tasks

The current results indicate that rats with HPC lesions perform
poorly in the response task when they learn the two tasks succes-
sively in different environments (space separate condition) and
rats with DSL lesions perform poorly in the spatial task when
they learn the two tasks in the same environment during differ-
ent days (time separate condition). One potential cause of poor
performance in these cases may be an interference effect whereby
unsuccessful prior engagement in one task would cause increased
error rate during a subsequent test. The design of the experiment
controlled for an order effect by using a counterbalancing proce-
dure, but this possibility was nonetheless explored by separating
the results based on task order: HPC lesion group averages day
1-day 5: percentage error spatial-to-cue: 42.33, 40.25, 30.33,
34.66, and 25.5%; versus percentage error cue-to-spatial: 46.75,
43.00, 32.25, 42.00, and 37.66%; DSL lesion group averages day
1-day 5: percentage error cue-to-spatial: 33.25, 37.66, 32.24. 35.0,
and 21.66%; versus percentage error spatial-to-cue: 28.00, 34.33,
29.00, 28.25, and 28.33%. Even as the small number of points in
this dataset precludes meaningful formal statistical comparisons
between these levels of performance, the results show that in
both lesion groups there is a performance deficit regardless of
the order of task presentation (all numbers are larger than the
20% error criterion). Moreover, when animals with HPC lesions
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ran the spatial task first, they made fewer—rather than more—
errors. Thus, the order in which the animals perform the two
tasks may generate complex interactions between hippocampal
and striatal memory systems that bridge intervals from minutes
to days, but the current results indicate that such interactions
may at most modulate the lesion effects rather than cause them.

Alternative strategies

Because the current behavioral tests restricted the behavior of
animals to right and left turns, it is possible that the response def-
icit in HPC animals and spatial deficit in the DSL animals were
related to the adoption of inadequate behavioral strategies.
Specifically, HPC animals may have adopted a body turn strategy
during response tasks and, correspondingly, DSL animals may
have adopted a spatial strategy during spatial tasks. Such a possi-
bility is unlikely, however, because in the current paradigm, the
response and spatial strategies are mutually exclusive and the
choice of the “wrong” strategy is never reinforced. Indeed, analy-
sis of the preferred body turns recorded during the first day of
retention testing during the response task in HPC animals did
not reveal significant differences between HPC and sham groups
whether the turns were considered overall, or only during the
error trials (all trials: #;,) = 2.067, p = 0.063; error trials only: #(;1)
= 1.096, p =0.296). The presence of a preferred body turn during
a given test session could not be considered a reflection of a be-
havioral/psychological phenomenon because the trial sequence
(computed as a random sequence of four different journeys with
the condition of no more than three journeys of the same kind in
a row) did not divide equally between right and left turns (analy-
sis of a sample of these sequences showed the following percent-
age right/percentage left turns: 45%/55%; 60%/40%; 48.88%/
51.11%; 53.33%/46.67%; 35.55%/64.44%; 44.54%/55.55%; and
48.88%/51.11%, respectively; the rats do not develop a bias in
response because for any given animal, right and left turns bal-
ance out across training and testing days). Similarly, there was
no evidence that animals with DSL lesions would adopt a “hyper-
spatial” strategy during spatial tests. Such a strategy would be
reflected either by many errors massed after the switch of the
goal locations or by exclusive response to only one of the two
spatial locations. However, animals with DSL lesions reversed
the goal location, but then proceeded to make errors that were
distributed throughout the trial block (Extended Data Fig. 3-1).
Thus, performance deficits in the response and spatial tasks
occurring after HPC and DSL lesions, respectively, cannot be
attributed to adoption of an alternative inadequate behavioral
strategy.

Stereotypical behavior

A third possibility is that the behavior of lesioned animals would
become increasingly stereotypic as retention testing would pro-
gress. For example, rats would run at increasingly higher speed
through the trials. Such a change occurred but was limited to the
initial stages of training phase, when the animals acquired the ba-
sic rule of the tasks (walk from the start arm to the end of one of
the goal arms to obtain food); neither type of lesion introduced
modifications in the general aspects of behavior. Moreover, if
behavior became increasingly stereotypic during retention test-
ing, one would expect that that the level of impairment should
remain consistent across days. In contrast, the data show some
degree of recovery from the memory deficits for both HPC and
DSL lesion groups. The factor that seemed to affect the speed of
movement involved individual differences: some animals were
more motivated, less anxious, and more able to focus than
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others. To counteract any potential effects of this factor, rats
were randomly assigned to the lesion groups.

Discussion

Patient H.M.’s selective amnesia that followed after the bilateral
resection of his medial temporal lobes (Scoville and Milner,
1957) indicated that severe episodic memory impairment could
result from a focal brain lesion. Instead, the pattern of memory
deficits documented in H.M. and similar patients showed that
localized neural circuits are responsible for different kinds of
memories. This discovery triggered numerous subsequent stud-
ies in which the mnemonic functions of various brain areas were
extensively investigated. The analytical approach provided much
information about memory organization in the brain and the
underlying mechanisms. However, the opposite problem, of how
different memories are integrated, remains poorly understood.
The current data contribute to filling some of this gap, as they
demonstrate that the DSL and HPC integrate different types of
memories based on spatial and temporal factors, respectively.
Notably, the memories involved were of distinct kinds, suggest-
ing a real possibility that activity in one memory circuit may
affect processes in a different memory circuit (Kim and Baxter,
2001). Despite the simplicity of the experimental manipulations,
the implications of these results are far reaching and lead to sig-
nificant questioning of our current perspective on memory
architecture.

The ability of the HPC circuits to integrate different types of
memories, primarily by using temporal rather than spatial fac-
tors, indicates that the “when” of episodic memory may act as
the thread linking the “where” (and possibly also the “what”) of
individual events, a prospect also suggested by recent data
(Mankin et al., 2015; Rubin et al., 2015; Cai et al., 2016). Thus,
the HPC is critical for spatial representations in general, but it
can additionally support response memories if they are formed
in close temporal proximity to spatial memories. This property
of the HPC network, which does not extend to context, dovetails
well with the quintessence of episodic memory. We recollect as a
coherent unit events that occur in close succession, regardless of
environment, and distinguish among events that happen in the
same space at different points in time. If cognitive memories can
be thoroughly integrated with habits within the HPC, then it is
not surprising that habits, which can be performed without con-
scious awareness (as for example in typing) can also be con-
sciously recollected.

A second effect of a memory architecture in which HPC can
support habits is that a habit can be rescued after damage to the
neural network primarily responsible for its acquisition (i.e.,
DSL), as the current data indicate that it may indeed be the case.
When animals acquired the response and spatial memories in
temporal juxtaposition and HPC was involved in response mem-
ory, DSL lesions caused a transient rather than permanent deficit
in response memory (Fig. 3Di, second and fourth panels, first
two rows). In contrast, when the response memory was formed
either by itself or in temporal separation from the spatial mem-
ory, both cases in which the HPC network did not contribute to
the behavior, the impairment was long lasting (Fig. 3Dj, first and
third panels, first two rows). This fact also means that the persist-
ence of marked impairment in the response task after DSL
lesions in the time separate condition (Fig. 3Di, third panel of
the first row) does not reflect a “weaker” response memory trace
following training spaced across days. Thus, these data strongly
suggest that HPC can independently support S-R behavior. (This
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analysis, however, should not be interpreted as implying that
HPC and DSL contributions to behavior combine in linear
fashion.)

The complementary aspect of the functional role of DSL
revealed by the current data is that while DSL supports a rigid
habitual response to a single cue in general, it can also become
involved in a behavior illustrative of cognitive memory if the two
types of learning occur in the same space. This property of the
DSL network may be involved in drug relapse, whereby exposure
to an environment previously associated with drug abuse (an
extreme form of habit) leads to renewed drug consumption.
Even as the results of the reversal test in the space separate condi-
tion suggested that context representations were selectively de-
pendent on the HPC, reports that context memories can become
HPC independent (Lehmann et al., 2009; Sparks et al., 2011) and
that the DSL can be involved in context memories (White and
Salinas, 2003) leave open the possibility that along with the HPC,
the DSL may also form its own context representation. The pre-
cise neural processes than enable DSL to support spatial and
response memories acquired in the same environment remain
currently unknown, although they may be related to its func-
tional heterogeneity (Vicente et al., 2016) and to the dynamic
reorganization of the DSM-DSL circuits during skill learning
(Yin et al, 2009). Whatever contextual representation DSL may
form, it is, however, insufficient to support spatial navigation on
its own, a result in agreement with the permanent spatial deficit
seen in animals with HPC lesions that have undergone extensive
spatial training (Clark et al., 2005). The asymmetry between the
capabilities of the two structures relative to behavior may have
an evolutionary basis: DSL and HPC evolved at different points
in time during phylogeny and, thus, the HPC built on an already
existent DSL network (Murray et al., 2016). Collectively, these
findings have important implications for addiction. If the HPC
network can independently support a habit while the DSL net-
work can use context to integrate habits and cognitive memories,
then treating addiction has to address simultaneously striatal and
hippocampal processes from the perspective that these two net-
works operate as an integrated unit rather than as separate mod-
ules, each with a distinct contribution along a set function
(Ferbinteanu, 2019).

The interplay between HPC and DSL networks in supporting
behavior likely involves the DSM and its connections to prefron-
tal areas (specifically, orbitofrontal and prelimbic cortices;
Sharpe et al., 2019), which are known to be involved in decision-
making in both animals and humans (Fellows, 2018). As pre-
dicted by a role in behavioral flexibility, DSM supported both
spatial and response memories regardless of training condition
(presumably because both tasks require a flexible switch between
right and left body turns at the center of the maze), and its lesion
caused a somewhat larger memory deficit when the animals had
to switch quickly between tasks. These effects may be related to
the position of the DSM as a functional intermediate between
HPC and DSL circuits. Until recently, it was thought that the
striatal-cortical loops operate in parallel, (Voorn et al., 2004),
but a recent report (Aoki et al., 2019) described a functional mul-
tisynaptic and unidirectional connection from DSM-prelimbic
loops to the striatal motor loops. HPC projects to the most
medial part of DSM and to the medial prefrontal cortex
(Groenewegen et al., 1987) and may then be able to influence ac-
tivity in the DSL motor loops via DSM and the prefrontal circuits
involved in decision-making. The DSL is not thought to be
involved in flexible actions that depend on their outcome,
although neurons in this area seem to respond to action value
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(Stalnaker et al., 2010), but, with extended training, overt motor
actions come under DSL control through a process hypothesized
to involve inhibitory control of the infralimbic over the prelimbic
prefrontal cortex (Killcross and Coutureau, 2003). Although
goal-oriented and habitual behaviors are generally considered to
be distinct and to engage in competition, it has also been pro-
posed that habits can be viewed as a sequence of actions under
the control of a flexible reinforcement learning process (Dezfouli
and Balleine, 2012). From this perspective, a stimulus may give
rise to the urge to perform a certain action, but the execution
does not proceed until evaluation takes place in the networks re-
sponsible for goal-directed behavior (Balleine, 2019). Thus,
memory and decision processes are interconnected, but much
remains to be elucidated about how stored information is even-
tually used to guide overt behavior. The current work strongly
argues that understanding the functional significance of activity
in a local memory circuit requires evaluation of that activity to-
gether with activity in other memory circuits and in light of the
past experience of the organism.

In conclusion, the current data indicate that by using time
and space, HPC and DSL can integrate cognitive and habitual
memories in distinct and complementary fashion. This finding
provides an articulated framework within which to further inves-
tigate the underlying brain mechanisms that lead to the forma-
tion of coherent, multifaceted memories, and underscores the
degenerate nature of behavior. Together with previous research
(Ferbinteanu, 2016), the current work helps to qualify the multi-
ple memory systems paradigm. Different types of memories are
indeed critically dependent on distinct neural circuits. In some
situations, these circuits can operate independently and in paral-
lel to guide behavior. However, in some other situations, the neu-
ral basis of a given type of memory can be greatly expanded
across multiple memory structures and basic features of experi-
ence, such as time and space, are be used to integrate different
types of memories within the same local network.
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