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Glutamate is involved in fundamental functions, including neuronal plasticity and memory. Astrocytes are
integral elements involved in synaptic function, and the GLT-1 transporter possesses a critical role in
glutamate uptake. Here, we study the role of GLT-1, specifically located in astrocytes, in the consolidation,
expression, reconsolidation and persistence of spatial object recognition memory in rats. Administration of
dihydrokainic acid (DHK), a selective GLT-1 inhibitor, into the dorsal hippocampus around a weak training
which only induces short-term memory, promotes long-term memory formation. This promotion is
prevented by hippocampal administration of protein-synthesis translation inhibitor, blockade of Activity-
regulated cytoskeleton-associated protein (Arc) translation or Brain-Derived Neurotrophic Factor (BDNF)
action, which are plasticity related proteins necessary for memory consolidation. However, DHK around a
strong training, which induces long-term memory, does not affect memory consolidation. Administration
of DHK before the test session impairs the expression of long-term memory, and this effect is dependent
of Arc translation. Furthermore, DHK impairs reconsolidation if applied before a reactivation session, and
this effect is independent of Arc translation. These findings reveal specific consequences on spatial
memory stages developed under hippocampal GLT-1 blockade, shedding light on the intricate molecular

mechanisms, governed in part for the action of glia.

According to the tripartite synapse concept, astrocytes are integral ele-
ments involved in synaptic function and this makes them important
players in brain function and animal behavior. Astrocytes establish
bidirectional communication with neurons, respond to synaptically
released neurotransmitters, reuptake them and, in turn, release
gliotransmitters’. All these functions influence neuronal and synaptic
activity, impacting information processing and memory formation and
stabilization®.

One of the most important functions of astrocytes in the brain is their
control of the recycling of neurotransmitters. In particular, the permanence
of glutamate in the synaptic gap requires strict control to avoid excito-
toxicity, and this control is exerted by the action of specific transporters
expressed throughout the brain’. The EAAT1 and EAAT2 (GLT-1) reup-
takers are located mainly in astrocytes, and GLT-1 is particularly abundant
in the hippocampus and cortex””. Since signaling guided by the binding of

glutamate to synaptic receptors is essential for memory processes’, the aim

of this work is to study how interventions that affect the selective involve-
ment of astrocytes in glutamate uptake impact memory processes.

The literature on the role of GLT-1 in memory is sparse and disparate.
Its blockade in the central amygdala prior to cue fear training enhanced this
memory’. However, when a GLT-1 blocker was intracerebrally adminis-
tered in mice, the acquisition, consolidation and recall of object recognition
memory was impaired'’ as well as the expression of long-term memory in
the Morris water maze test''. On the other hand, by blocking its action in the
whole brain, the central amygdala or in the prefrontal cortex, anhedonia
and/or anxiety were observed™'""*

To investigate how astroglial glutamate uptake through GLT-1 impacts
the dynamics of memory processes, we used a spatial object recognition
(SOR) task in rats and administered a GLT-1 blocker, dihydrokainic acid
(DHK), into the dorsal hippocampus (Hp). We found that GLT-1 blockade
close to training sessions helps to consolidate spatial memories induced by
weak training but does not alter consolidation mechanisms induced by
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strong training. However, the blockade of this transporter interferes with the
expression of memory and with its reconsolidation. Furthermore, we
observed opposite behavioral effects when we administered Ceftriaxone
(CFT), an antibiotic that increases GLT-1 expression and its membrane
integration. Our findings describe the full dynamics of a spatial memory
formation and disruption under the hippocampal effects of astroglial glu-
tamate uptake blockade. We further elucidate the underlying cellular
mechanisms involving both the action of Arc and BDNF, which could
represent possible sites of action for the development of new treatments for
neuropsychiatric disorders and cognitive impairment.

Methods

Animals

Male and Female adult Wistar rats (Wistar IBCN) between 2 and 3 months
of age (weight, 200-350 g) obtained from the Cellular Biology and Neu-
rosciences Institute (IBCN) in the Faculty of Medicine of the University of
Buenos Aires (Buenos Aires, Argentina) were used in this study. Animals
were housed in groups of three with water and food ad libitum under a 12-h
light/dark cycle at a constant temperature of 21-23°C. The behavioral testing
took place during the light phase of the cycle. Rats were handled for 2 min for
two consecutive days before each experiment to avoid unnecessary stress.
During behavioral procedures, animals were individually moved from their
home cages to the arena and returned immediately after each trial session.
All animals were randomly assigned to the different experimental groups. All
experiments were conducted in accordance with the National Institutes of
Health Guides for Care and Use of Laboratory Animals (Publication No.
80-23, revised 1996) and approved by the Animal Care and Use Committee
of the University of Buenos Aires, Buenos Aires, Argentina. We have
complied with all relevant ethical regulations for animal use.

Surgery and drug infusion

For cannulae implantation, rats were deeply anesthetized (70 mg/kg keta-
mine and 7 mg/kg xylazine), and then 22-G cannulae were stereotaxically
aimed to the dorsal hippocampus (Hp) at the following coordinates: A:
—3.9mm, L: £3.0 mm, and D: —3.0 mm, from Bregma”. Then, they were
cemented to the skull with dental acrylic. Animals received a subdermal
application of analgesics and antibiotics during surgery (meloxicam 0.2 mg/
kg, gentamicin 3 mg/kg). This analgesia and antibiotic protocol was
maintained in the 2 days following the surgery. Animals were allowed to
recover from surgery for at least five days. Drugs were infused using a 30-G
needle with its tip protruding 1.0 mm beyond the guide. The infusion
needles were linked by an acrylic tube to a Hamilton microsyringe and the
entire bilateral infusion procedure lasted about 5 min. Needles were left in
place for one additional minute after infusion to avoid back-flow.

Drugs

We administered dihydrokainic acid, a GLT-1 inhibitor (DHK, 12,5 nmol/
1 Wl per side), dissolved in a saline solution. The doses were chosen based on
published studies''. DHK (Biosystems, Buenos Aires, Argentina) blocks the
uptake of glutamate into astrocytes'", which leads to increased extra-
synaptic glutamate'®”. Protein synthesis inhibitors were also used. In this
case, Emetine (EME, 50 pug/0,8 ul per side) dissolved in saline solution. The
effective dose and time of administration of EME were previously reported
by us'®. EME was purchased from Sigma (St. Louis, MO, USA). We also
administered oligonucleotide pairs (ODNs, Genbiotech, S.R.L). They were
prepared according to Guzowski et al.”. ODNs containing phosphor-
othioate linkages between the three bases on the 50 and 30 ends. Arc
antisense ODN (Arc ASO) was directed against a 20-mer sequence (bases
209-228, GenBank accession number U19866) covering the Arc start site.
Scrambled Arc ODN (Arc SCR) containing the same base composition in
randomized order served as control. ODNs were delivered to the dorsal
hippocampus via guide cannulae infusions (1 pg/1 ul per side). The infusion
time was based on previous studies showing that ODN’s were maximally
expressed in cells of the lateral amygdala at 3 h after infusion™ and also in
our previous experience”. We also used function-blocking anti-BDNF

antibodies (Chemicon, Temecula, CA; AB1513P) that were diluted to
working concentration (0,5 pg/0,8 ul per side) with saline and administered
20 min before the time of interest'**>. Furthermore, we administered Cef-
triaxone (CFT), a p-lactam antibiotic (dissolved in saline solution) intra-

peritoneally, (200 mg/kg/day) for 7 days™.

Histology

Histological examination of cannulae placements was performed after the
end of the behavioral procedures by the infusion of 0.5 pl of 4% methylene
blue in saline solution. Animals were sacrificed by decapitation 15 min after
the infusion and their brains were sliced to verify the infusion area™. Only
data from animals with correct cannulae implants were included in statis-
tical analyses.

Behavioral procedures

SOR task. Animal memory performance was evaluated in the SOR task.
SOR memory represents the ability to detect the spatial displacement of
previously encountered objects. In this task, an animal reveals its learning of
the spatial configuration of two identical objects, when it spends more time
exploring the spatially displaced familiar object relative to a stationary
familiar object in a test”. The SOR arena was a 60 cm wide x 40 cm
long x 50 cm high acrylic box with different visual clues in its lateral white
walls. The floor was white, the front wall was transparent and the back wall
was hatched. All animals were habituated to the context. They were allowed
to explore the arena without objects for a 20 min daily session for two
consecutive days before the training day. In the training session, two
identical plastic or glass objects were included in the arena in two adjacent
corners and animals were left to explore it for 8 min in the case of a strong
training (sSOR), and 4 min in a weak training (WSOR). In the test/reacti-
vation session, one of the objects was displaced to a new position and
animals were allowed to explore this context for 2 min. The exploration
time for each object, defined as sniffing or touching it with the nose or
forepaws, was measured using a hand stopwatch. Rats were excluded from
the analysis when they explored one object more than 65% of the total
object-exploration time during training sessions or when they did not reach
10s in the total object-exploration time during the 2 min test session.
Results are expressed as a preference index: [Exploration time of the object
in a new location (Tn) — Exploration time of the object in the familiar
location (Tf)]/[Tn+ Tf]. A positive preference index in the test session,
differing significantly from zero, indicates the presence of memory. A
representative mean + SEM of the total object-exploration time during a
SOR training session and during a test session is shown in Supplementary
Figs. 1, 2, for rats infused with DHK and CFT, respectively.

Open field task (OF). The OF task consists of placing an animal within an
arena to record its locomotor and exploratory behavior in this novel
spatial context. The arena was a 50 cm wide x 50 cm long x 39 cm high
square box, with black plywood walls and floor divided into nine squares
by white lines. The number of line crossings and rearings was measured
for 5 min under normal room lighting™.

Elevated Plus Maze. The Elevated Plus Maze test is used to measure
anxiety-like behavior in rodents. It consists of four elevated arms which
radiate from a central platform, forming a plus shape. Two of the opposed
arms should be walled (apart from the ceiling, entrance and exit points)
and the remaining two opposed arms should be open apart from the
platform itself. In the test, a rat is placed in the central area and then it is
left to explore the maze for a 5 min period. The amount of time spent in
the walled arms is compared to the amount of time spent in the open arms
as a measure of anxiety. The test is based on the natural tendencies of
rodents to avoid open or elevated places counterbalanced with their
innate curiosity to explore areas that are new to them. In theory, a rodent
with a less anxious-like behavior will visit the open arms of the maze more
frequently, whereas a rodent with elevated anxiety-like will tend to spend
more time in the closed arms®™.
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Fig. 1 | Administration of DHK within a critical time window promotes SOR-
LTM from weak but not strong training. a Schematic representation of a coronal
rat brain slice (adapted from “Mouse brain: coronal, thalamus and hippocampus”,
by BioRender.com (2024). Retrieved from https://app.biorender.com/biorender-
templates) showing the infusion area (top) and a picture of our dorsal Hp infusions
(bottom). The top diagram shows the experimental design. Animals from individual
groups received either weak or strong SOR training. b Animals subjected to weak
training sessions were given intra-dorsal Hp infusions of DHK 4 h (n=10), 2h
(n=11), or 15 min (n = 7) before the training session; or 15 min (n=7) 2h (n=11),
or4h (n=11) after that. LTM was tested 24 h after training. As Veh-infused rats did
not show SOR-LTM regardless of the schedule of administration (—4, —2h, —15,

15 min, 2 and 4 h from training session) a single representative Veh bar (n = 15) was
plotted by randomly selecting animals from all groups that received Veh at every
time point. Data are expressed as preference index mean + SEM. ***p < 0,001 vs.
Veh. Dunnett’s test after one-way ANOVA; F (6, 65) = 12.80. ¢ Animals subjected to
strong training sessions were given intra-dorsal Hp infusions of DHK 2 h (1 =6) or
15 min (n = 8) before, and 2 h (n = 12) after the training session. LTM was tested 24 h
after training. As Veh-infused rats showed SOR-LTM at —2h, —15min, and 2 h
from the training session, a single Veh representative bar (n = 13) was plotted by
randomly selecting animals from those groups. Data are expressed as preference
index mean + SEM. p > 0,05 one-way ANOVA; F (3, 35) = 0.7613.

Statistics and reproducibility

The sample size was determined based on previous studies. Experiments
were conducted twice to ensure reproducibility. The experimenters were
blinded to the experimental groups both during data collection and analysis.
Numerical source data for all files in the manuscript can be found in the
supplementary data file (Supplementary Data 1).

Results are expressed as preference index mean + SEM. The bar graphs
in the figures also show the individual data points. The index differences
between groups were analyzed with unpaired Student’s t-test when com-
paring two groups, and a one-way ANOVA Test followed by Dunnett’s
post-hoc test to compare each group against vehicle group or by Tukey’s
posthoc comparison test to compare three or more groups between them.
Differences were considered significant for a >0.05. If there were differences
between SDs, the index differences between groups were analyzed with
Welch’s ANOVA followed by Tamhane’s T2 multiple comparisons test. All
tests were carried out after checking the normality of the data.

No software was used for data collection. Analyses were performed in
GraphPad Prism version 8.00 (GraphPad Software, La Jolla, CA, USA).
Effects were considered significant when P < 0.05. Also, to analyze animal
locomotor activity and path traveled, we used Kinovea version 0.9.5.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results

Hippocampal GLT-1 inhibition promotes SOR-LTM from weak
but not strong training

The objective of this work is to study the involvement of astroglial glutamate
transporter GLT-1 in the specific processes of acquisition, consolidation,
expression, reconsolidation, and persistence of SOR memory in rats. First,
we administered vehicle solution (Veh) or the specific GLT-1 blocker DHK

bilaterally in the dorsal Hp of rats (Fig. 1a) at different times either before or
after (from —4 to 4h) a weak SOR training (Fig. 1b), which consisted of a
4 min exploration session of a pair of identical objects. In the test session,
24 h later, memory was evidenced by the greater exploration towards the
relocated object, and this is reflected in a preference index increment. As
expected after weak training, Veh-infused animals did not show SOR-LTM
(Fig. 1b, p>0.05 vs. 0). In contrast, DHK infusion between —2 h to 2h
promoted SOR-LTM formation (p < 0.001 vs. Veh, Fig. 1b). However, the
administration of DHK at times exceeding 3 h from the wSOR, failed to
consolidate the LTM (p > 0.05 vs. Veh, Fig. 1b). These results suggest that
the blockade of the astroglial specific glutamate transporter allowed estab-
lishing spatial memory induced by weak learning when given in a specific
time window.

Toinvestigate whether GLT-1 blockade modulates the consolidation of
spatial memory induced by a strong training, we administered DHK into Hp
of rats 2 h or 15 min before, or 2 h after a sSOR training session (Fig. 1c).
SOR-LTM was similar between Veh and DHK-infused animals (Fig. 1c,
p>0.05 vs. Veh) suggesting that DHK does not modify memory con-
solidation induced by strong learning.

Memory promotion by hippocampal GLT-1 inhibition depends on
protein synthesis

Since memory consolidation requires protein synthesis, our next objective
was to study whether the promoting effect of DHK on SOR-LTM formation
relied on this mechanism. For this, rats were trained in a wSOR and infused
with Veh solution or a protein synthesis inhibitor (emetine, EME) and
15 min later were again infused with DHK or Veh as shown in Fig. 2a. As
expected, Veh-Veh-infused rats did not show LTM 24 h after training, and
Veh-DHK infused rats did (p < 0.001, Fig. 2a). In turn, EME administration
prevented the promoting effect of DHK on LTM-SOR consolidation
(p <0.001, Fig. 2a), suggesting that the effect of DHK depends on protein
synthesis. Then, we performed a similar experiment but administering a
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Fig. 2| Memory promotion through hippocampal GLT-1 inhibition is dependent
on protein synthesis, the expression of the activity-regulated cytoskeletal protein
and the activity of brain-derived neurotrophic factor. The top diagram shows the
experimental design. a Independent groups of animals were trained with a wSOR
training session, 1 h 45 min later received an intra-dorsal Hp infusion of either
Vehicle (Veh) or Emetine (EME), and 15 min later were injected with either Veh or
DHK. LTM was tested for all groups (Veh-Veh n=9; Veh-DHK #n = 8; EME-Veh
n =6; EME-DHK n =9) 24 h after training. Data are expressed as preference index
mean + SEM. ***p < 0,001 vs. all groups. Tukey’s multiple comparisons test after
one-way ANOVA; F (3, 28) = 34.87. b Independent groups of animals received an
intra-dorsal Hp infusion of either Arc SCR or Arc ASO, 1 h 15 min later were trained

with a wSOR training session, and 1 h 45 min later were injected with either Veh or
DHK. LTM was tested for all groups (Arc SCR-Veh n =9; Arc SCR-DHK n = 8; Arc
ASO-Veh n=8; Arc ASO-DHK n = 13) 24 h after training. Data are expressed as
preference index mean + SEM. ***p < 0,001 vs. all groups. Tukey’s multiple com-
parisons test after one-way ANOVA; F (3, 34) = 49.27. ¢ Independent groups of
animals were trained with a wSOR training session, 1 h 25 min later received an
intradorsal Hp infusion of either Veh or aBDNF and 20 min later received an
injection of either Veh or DHK. LTM was tested for all groups (Veh-Veh n =10;
Veh-DHK 1 = 9;aBDNF-Veh n = 12;aBDNF-DHK # = 10) 24 h after training. Data
are expressed as preference index mean + SEM. **¥p < 0.001 vs. all groups. Tukey’s
multiple comparisons test after one-way ANOVA; F (3, 37) = 68.20.

probe that prevents the translation of Arc (Arc ASO). In this case, Arc ASO
was infused 3 h before DHK injection to allow it to exert its biological action
(Fig. 2b). We also observed that the promoter effect of DHK was prevented
by Arc ASO (p<0.001, Fig. 2b), suggesting that GLT-1 blockade could
induce Arc translation. Finally, we studied whether the action of DHK
depended on the presence of brain-derived neurotrophic factor (BDNF). To
do this, we infused an antibody that binds to BDNF (aBDNF), preventing its
action on their receptors (Fig. 2c) We observed that the infusion of aBDNF
20 min prior to DHK injection induced LTM amnesia (p < 0.001, Fig. 2c).
These results suggest that the promoting effect of DHK on SOR-LTM
formation involves the action of BDNF in the dorsal Hp.

Administration of DHK before a test session impairs memory
expression
To study whether astroglial glutamate uptake through GLT-1 influences
SOR memory expression, we administered DHK in Hp 15 min before the
test session. In independent groups of rats, SOR memory was evaluated at
2h (STM, Fig. 3a) or 24h (LTM, Fig. 3b) after a sSOR training session.
Animals infused with Veh solution expressed both types of memory,
whereas rats infused with DHK expressed neither STM (p < 0.001, Fig. 3a)
nor LTM (p < 0.01, Fig. 3b). This effect cannot be attributed to changes in
locomotor activity or to anxiety-like states induced by DHK. This was
evidenced by the administration of DHK into the Hp 15 min before an OF
session, and by an Elevated Plus Maze session, which produced similar
results to those of the Veh-infused rats (p > 0.05. Supplementary Fig. 3a-g).
In Fig. 1b, we show that DHK administration 2 h after a wSOR pro-
motes SOR-LTM, and in Fig. 3a, we see, in turn, that it acts by blocking STM
expression after a sSSOR. Then, to confirm that these effects occur simul-
taneously, we trained a group of male rats in a wSOR, and 1 h 45 min later,
they were injected in Hp with Veh or DHK. STM was evaluated 2 h after
training, and 24 h later, an additional test was performed to evaluate LTM in
the same animals. As shown in Fig. 3¢, DHK blocked wSOR-induced STM
expression, observed in Veh animals (p <0.001 vs. Veh, Fig. 3c), and at the

same time promoted the SOR-LTM formation, which was absent in Veh
animals (p < 0.001 vs. Veh, Fig. 3c). These results suggest that the negative
effect of DHK on SOR-STM expression is reversible and is not observed in a
long-term test session. Furthermore, they demonstrate that the action of
DHK is not sex-specific, since both effects were observed either in females
and males (Figs. 1b, 3c, respectively).

DHK-induced impairment of LTM expression depends on Arc but
not on BDNF

To determine whether the deleterious effect of DHK on SOR-LTM
expression was dependent on Arc expression, we infused Arc ASO in the Hp
of rats 3 h before DHK administration. The animals were trained in an sSSOR
session and, as expected, DHK infusion 15 min before the test session
impaired LTM expression, and we found that the previously injected Arc
ASO prevented this effect (p < 0.01 vs. all other groups, Fig. 4a). In contrast,
aBDNF administration did not reverse the inhibitory effect of DHK on
memory expression (p < 0.05 vs. Veh-DHK, Fig. 4b). Taken together, these
results suggest that the impairment of SOR-LTM expression induced by
DHK, administered minutes before the test session, is dependent on Arc
translation but not on BDNF action.

DHK does not induce a drug-state-dependent effect

We studied the possibility that the animals require the administration of
DHK prior to the sSOR training and prior to the SOR test to express the
SOR-LTM. So, we performed such an experiment to study if there is a state
dependency with DHK on SOR memory. As expected, the group of animals
infused with DHK pretraining and with Veh pretest (DHK-Veh), as well as
the Veh-Veh group showed SOR-LTM (Fig. 5). Also, we confirmed that the
administration of DHK pretest (Veh-DHK) prevented the expression of
SOR-LTM (p < 0.01 vs. Veh-Veh, Fig. 5) but an additional administration
of DHK prior to training (DHK-DHK) did not prevent this SOR-LTM
amnesia (p < 0.001 vs. Veh-Veh, Fig. 5). These results rule out the possibility
that DHK infusion generates state dependence on SOR memory.
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Fig. 3 | Administration of DHK 15 min before an STM test session impairs
memory expression but promotes LTM formation. The top diagram shows the
experimental design. a Rats were trained with an sSOR session and received an intra-
dorsal Hp infusion of either Veh (n = 10) or DHK (7 = 8) 15 min before an STM test
session. ***p < 0,001 Student’s ¢-test; f =4.696. b Animals were trained with sSOR
session and received an intra-dorsal Hp infusion of either Veh (n = 10) or DHK

(n=9) 15 min before an LTM test session. **p <0,01 Student’s t-test; £ = 3.503.

¢ Animals were trained in a wSOR session, and 1 h 45 min later received an intra-
dorsal Hp infusion of either Veh (1 =9) or DHK (1 = 9). Memory was tested 15 min
and 24 h after the injection. Data are expressed as preference index mean +
SEM.**¥p < 0,001 vs. Veh. Student’s t-test; t = 7.949 (left); ¢ = 5.403 (right).

DHK-induced impairment of LTM persistence depends on Arc
expression

In previous figures, we showed that the infusion of DHK prevented SOR
memory expression through a mechanism dependent on Arc expression.
We have recently shown that SOR-LTM expression is required for wSOR
retraining to prolong SOR-LTM persistence at least for a week’. Thus, we
evaluated the persistence of SOR memory after administering DHK in the
presence of Arc SCR or Arc ASO prior to retraining. When sSOR was
followed 24 h later by a wSOR, the promotion of SOR-LTM persistence was
observed both in the groups that received Arc SCR-Veh and Arc ASO-Veh
(p <0.001 vs. 0 Fig. 6). However, the administration of Arc SCR followed by
DHK 15 min prior to the wSOR retraining session, prevented the persis-
tence of the memory (p <0.001 vs. all groups Fig. 6). As expected, the
administration of Arc ASO before DHK, prevented the amnesia (p < 0.001
vs. 0 Fig. 6). These results suggest that DHK acting on the SOR-LTM
expression mechanisms, prevented memory from persisting over time and
that this mechanism depends on Arc expression.

DHK-induced impairment of memory reconsolidation is Arc
expression-independent

Our next objective was to study whether the blockade of glutamate reuptake
by astroglial GLT-1 affects the SOR reconsolidation process. Some remin-
ders induce memory reconsolidation, which is a process that allows memory
to be sustained and even updated with new information®. We used the
experimental protocol consisting of a sSSOR session followed 24 h later by a
SOR test session, a reminder event that functions as an inducer of the
reconsolidation process, which we will refer to as a reactivation session™.
The infusion of Veh or DHK solution into the Hp was performed 15 min
before the reactivation session, and memory was tested the following day. In
the case that the drug blocks the reconsolidation process, SOR-LTM

will not be observed in the test session carried out 48 h after sSSOR. As
expected, Fig. 7a shows that DHK administration before reactivation
impaired the expression of SOR-LTM evaluated in this session (p < 0.001 vs.
Arc SCR-Veh, Fig. 7a), and this effect was blocked by Arc ASO (p <0.001 vs.
Arc SCR-DHK, Fig. 7a). The SOR amnesia induced by Arc SCR-DHK pre
reactivation was irreversible since it was also observed in the test session
carried out 48 h post sSOR (p < 0.001 vs. Arc SCR-Veh, Fig. 7b). This means
that DHK, administered before reactivation impaired the process of
reconsolidation, and the same result was observed even when Arc ASO
administration did not prevent memory expression at the time of the
reactivation session (p >0.05, Arc SCR-DHK vs. Arc ASO-DHK Fig. 7b).
Taken together, these results suggest that Arc ASO infusion prevented the
negative effects of DHK on SOR memory expression, but not those acting on
the process of SOR memory reconsolidation. We also observed that DHK
impaired the SOR memory reconsolidation even when it was administered
after the reactivation session (Supplementary Fig. 4). In this case, a non-
reactivated group was included to confirm that the amnesic effect of DHK
was indeed dependent on the SOR memory reactivation process. These
results suggest that the infusion of DHK, peri-reactivation of a spatial
memory trace, acted negatively on the reconsolidation process and pre-
vented the persistence of SOR memory.

Chronic systemic administration of Ceftriaxone impairs LTM
formation

We were interested in evaluating the effect that the gain of function of GLT-
1 may exert on SOR memory, hypothesizing that it would be opposite to
what we observed with GLT-1 blocker administration. To do this, we used
the antibiotic Ceftriaxone (CFT), a p-lactam antibiotic, which, administered
sub-chronically, induces an upregulation in GLT-1 in Hp and other brain
regions™"'. We performed systemic administration of either CFT or Veh
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after one-way ANOVA; F (3, 25) = 6.853. b Independent groups of animals received
an intra-dorsal Hp infusion of either Veh or aBDNF, 25 min later received an intra-
dorsal hippocampal infusion of either Veh or DHK, and 15 min later LTM was tested
for all groups (Veh-Veh n = 6; aBDNF-Veh n = 9; Veh-DHK n = 9; aBDNF-DHK
n=8). **p <0.01 vs. Veh-Veh and aBNDF-Veh. Tamhane’s T2 multiple com-
parisons after Welch’s ANOVA; W (3.000, 16.55) = 24.14.

once daily for 7 days before the sSSOR training session and studied its impact
on SOR memory acquisition, consolidation, and expression. Figure 8 shows
that the group of animals treated with Veh expressed both SOR-STM and
SOR-LTM. CFT-injected animals showed SOR-STM (p > 0.05 vs. Veh) but
did not show SOR-LTM (p < 0.001 vs. Veh), suggesting that they were able
to acquire the information but not consolidate the memory trace. We ruled
out that the effects of CFT on SOR memory are due to changes in the
exploratory activity of the rats or to an anxiolytic-like state, since the
parameters recorded during an OF session followed by an Elevated Plus
Maze were not different from those of the Veh-injected animals (Supple-
mentary Fig. 5). These results support the hypothesis that the effects of CFT
are opposite to those observed after DHK administration, characterized by
the reversible blockade of SOR-STM expression (Fig. 3b) and the absence of
effects on consolidation triggered by sSOR (Fig. 1c). These results suggest
that if training is strong enough to induce LTM, the transient glutamate
increase in the synaptic cleft, due toloss of GLT-1 function, does not alter the
process of memory consolidation. However, the gain of GLT-1 function,
provoked by chronic administration of CFT, prevents consolidation prob-
ably by decreasing the glutamate level in the cleft. These suggest that a
sufficient level of glutamate at the cleft is needed at training to form
memories and that GLT-1 plays a fundamental role in this balance.

Discussion

Glutamate uptake is necessary to end the action of this neurotransmitter in
the synaptic cleft, and astrocytes are essential players in this function. Here,
we studied how alterations in glutamate homeostasis in rat Hp modulated
spatial learning memory. Our results demonstrate that the regulation of
GLT-1 function (decreasing it with DHK or increasing it with CFT
administrations, respectively), differentially affects the processes of forma-
tion, expression and/or reconsolidation of spatial memory in rodents.
Therefore, physiological mechanisms that alter the expression or

stabilization of GLT-1 on the cell surface will affect memory processes. In
this sense, glutamate transporters posttranslational modifications, such as
sumoylation, palmitoylation, nitrosylation, or ubiquitination, would con-
tribute to such regulationn’B. Furthermore, it has been demonstrated the
role of PKCin cellular localization and regulation of GLT- 1**. Also, neuronal
activity can regulate astrocytic glutamate transporters via signaling through
soluble factors™. Other factors, such as estrogen levels or chronic restraint
stress, would contribute to an increase in the expression of GLT-1*.

Here, we found that blockading the hippocampal astroglial GLT-1
glutamate transporter by the administration of DHK promoted SOR-LTM
formation induced by weak training without affecting the consolidation
process induced by strong training. On the other hand, the blockade of
astroglial GLT-1 hindered the expression of STM and LTM in the SOR task,
also affecting the process of memory reconsolidation and memory persis-
tence induced by retraining. In contrast, treatment with CFT, a -lactam
antibiotic that increases GLT-1 expression, did not interfere with SOR
acquisition and STM expression, but impaired memory consolidation. In
other words, the role of astrocytes in glutamate neurotransmission affects
the information being processed, impacting the formation, expression, and
persistence of SOR memory.

This is the first work that characterizes the effects on memory processes
induced by an acute infusion of DHK into the rodent dorsal Hp. Our results
suggest that the administration of 12,5 nmol/side of DHK into the Hp did
not cause excitotoxicity. Instead, it promoted the formation of LTM in a
time-dependent manner or caused a reversible impairment of memory
expression when administered before the STM test, without affecting LTM
the following day. In turn, DHK did not alter the locomotor activity or the
anxious-like state of the rat, similar to what was previously reported after icv
administration by Bechtholt-Gompf et al."". However, Tian et al."” trained
mice in a novel object recognition task and found that the icv administration
of DHK blocked the acquisition, consolidation and expression of this
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Fig. 5 | DHK does not induce a drug-state-dependent effect. The top diagram
shows the experimental design. Independent groups of animals received a first intra-
dorsal Hp infusion of either Veh or DHK, 15 min later experienced an sSOR training
session, and a second infusion of either Veh or DHK was administered 15 min before
the test session (Veh-Veh, n =6, DHK-Veh, n =7, Veh-DHK, n = 6, DHK-DHK,
n=7). In all groups, LTM was tested 24 h after the training session. **p < 0,01
*#%p < 0,001 vs. Veh-Veh and DHK-Veh. Tukey’s multiple comparisons test after
one-way ANOVA; F (3, 22) = 15.09.

memory and also induced locomotor and exploratory deficits. The dis-
crepancy in these results may depend on the learning task, species and/or
route of administration used.

It is known that protein synthesis is necessary to consolidate LTM
In that sense, it is considered that wSOR does not form LTM because it does
not induce enough plasticity-related proteins (PRPs). Therefore, by asso-
ciating wSOR with a PRP provider event (e.g. novel open field, elevated
platform, spaced training, etc.) it is possible to consolidate the SOR-LTM. In
fact, by inhibiting the protein translation induced by such associated events,
the promoting effect on the formation of SOR-LTM disappears'®*"*. These
works also showed that the promoter effect occurs only if the associated
event is experienced in a critical time window around the wSOR. The
mechanisms responsible for this phenomenon are characterized not only in
spatial tasks but also in aversive ones™ * and are part of the behavioral
tagging hypothesis, postulated by our group 15 years ago™. Interestingly,
here we observed that the promoting effect of the DHK infusion on the
formation of SOR-LTM induced by a wSOR was similar to that described for
the promoting effect induced by OF, occurring at —2 and +2 h of the wSOR,
but being ineffective at more distant times (Ballarini et al."' and Fig. 1a).
Furthermore, both the effects of OF and DHK were shown to be dependent
on protein translation (Ballarini et al.* and Fig. 2a). For all these reasons, we
propose that the acute administration of DHK into the Hp could facilitate
LTM consolidation induced by weak training through the transient increase
in glutamate levels, which can activate their synaptic receptors contributing
to the cellular signaling involved in protein synthesis. We also observed that
administration of DHK around the training session did not modify the
SOR-LTM induced by sSOR (Fig. 1b). This suggests that when the learning
is strong enough to induce the PRPs synthesis, additional help is not needed
to consolidate the LTM. In addition, these results indicate that DHK did not
impair SOR memory acquisition.

Our work also demonstrates that infusing DHK into the rat Hp affects
LTM consolidation (Figs. 1b, 2) and expression (Figs. 3, 4), and these
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Fig. 6 | DHK-induced impairment of LTM persistence promoted by a retraining
protocol is dependent on Arc expression. The top diagram shows the experimental
design. Independent groups of animals experienced a sSOR training session, 21 h
later received a first intra-dorsal Hp infusion of Arc SCR or Arc ASO, 3 h later
received a second infusion of Veh or DHK, and 15 min later experienced a wSOR
training session. All groups (Arc SCR-Veh n = 8; Arc ASO-Veh n = 8; Arc SCR-DHK
n=11; Arc ASO-DHK n = 10) were tested 7 days later. Data are expressed as pre-
ference index mean + SEM.***p < 0,001 vs. all groups. Tukey’s multiple compar-
isons test after one-way ANOVA; F (3, 33) = 10.39.

processes are Arc and/or BDNF dependent, revealing, to the best of our
knowledge, novel drug action mechanisms. Some previous reports suggest
that GLT-1 function may regulate the expression of these proteins. The icv
administration of DHK increased the number of cfos-positive cells in the rat
dorsal dentate gyrus', and it is known that the cFos pathway increases
BDNF expression®. It was also reported that the downregulation of GLT-1
increased BDNF levels in rat striatum™. In turn, BDNF can induce Arc gene
transcription™. Thus, all these findings, together with the involvement of
Arc and BDNF in the establishment of synaptic plasticity and memory
consolidation®** are in agreement with our results showing the dependence
of these proteins in promoting SOR-LTM formation induced by DHK.
Previous work demonstrated that icv administration of DHK impaired
LTM expression in the Morris water maze and Novel Object Recognition
tasks'*"". Our results describe that blocking the GLT-1 transporter in dorsal
Hp is sufficient to prevent the expression of both SOR-STM and SOR-LTM
(Fig. 3a, b). In addition, these effects depend on Arc translation (Fig. 4a).
Although the molecular mechanism of memory expression remains
incompletely described, we know that different types of learning require
kinase activity’*”* and AMPA receptor trafficking to the membrane, which
depends on online protein synthesissf’. Indeed, rapamycin or anisomycin
infusion prior to memory test sessions for various learning tasks, including
SOR, has been shown to impair memory expressionSG’S 8, Ongoing protein
synthesis is necessary to maintain stable GluAl levels in the postsynaptic
density, which is a requirement for successful memory retrieval®>>. Thus,
Bast et al.*’ describe that retrieval of a place memory depends on fast
excitatory hippocampal transmission that is mediated by AMPA receptors.
A striking fact is that AMPAR removal from the postsynaptic mem-
brane involves the Arc protein, through its high binding affinity to
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Fig. 7 | DHK-induced impairment of memory reconsolidation does not depend
on Arc expression. The top diagram shows the experimental design. Independent
groups of animals experienced a sSOR training session, 21 h later received a first

intra-dorsal Hp infusion of Arc SCR or Arc ASO, 3 h later received a second infusion
of Veh or DHK, and 15 min later experienced a 2 min reactivation session (Arc SCR-
Veh n=9; Arc SCR-DHK n = 11; Arc ASO-Veh n=10; Arc ASO-DHK n=9). a All

groups were tested during the reactivation session, 24 h after the training session.
*#%p < 0.001 vs. all groups. Tukey’s multiple comparisons test after one-way
ANOVA; F (3, 35) =23.78. b All groups were tested 48 h after the training session.
Data are expressed as preference index mean + SEM. ***p < 0,001 vs. Arc SCR-Veh
and Arc ASO-Veh. Tukey’s multiple comparisons test after one-way ANOVA; F (3,
35)=42.34.
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unphosphorylated CaMKIIB, which is prevalent at inactive synapses
CaMKIL, including the CaMKIIP subunit, is the most abundant protein in
excitatory synapses and is central to synaptic plasticity, learning, and
memory®”. We propose that prior to the test session, the synapses would be
mostly inactivated, and therefore the nonphosphorylated form of CaMKIIp
would prevail. Considering the background previously described the
mechanisms of memory retrieval, the blockage of LTM expression caused
by the pre-test administration of DHK could involve the expression of Arc,
which binds to nonphosphorylated CaMKH[S, signaling the mechanism for
AMPA receptor endocytosis. In accordance with this, we found that DHK
memory expression impairment is dependent on Arc translation, but not on
the action of BDNF (Fig. 4b).

It may seem contradictory that we find Arc involved both in impairing
SOR-LTM expression and in improving SOR consolidation induced by
weak learning (Fig. 2b). What is the mechanism by which Arc triggers the
promnesic effect? As a result of diverse learning experiences, consisting of
either aversive or spatial training sessions, CaMKII is activated and
autophosphorylated”**”. The administration of hippocampal DHK around
training could supply neurons with Arc which takes part in the signaling
triggered by activated CaMKII, favoring mechanisms tending to mature and
strengthen spine structural plasticity”*”. Thereby, we propose that
depending on the biochemical synaptic environment (e.g., CaMKII inacti-
vated or activated), Arc would be involved in weakening synapses and
preventing LTM expression or in stabilizing them, allowing memory con-
solidation. Our proposal is in accordance with the hypothesis of bidirec-
tional regulation of synaptic plasticity based on the Arc oligomeric state. Arc
has distinct states in the neuron, where Arc dimer regulates actin cytoske-
leton dynamics and a tetramer that facilitates AMPAR endocytosis. It is

relevant that regulation of the oligomeric state would occur by post-
translational modifications, such as CaMKIla-dependent phosphorylation,
which blocks the generation of Arc large oligomers®.

Another question to solve was whether the SOR-LTM amnesia
induced by DHK administration before the test session relied on a drug
state-dependence phenomenon. In other words, do animals need to have
the same brain state before training and before test sessions to express LTM?
There are reports of memories being retrieved more easily when the drug-
induced brain state during recall is similar to the drug-induced brain state
when learning occurred™”’. Our results showed that amnesia induced by
pretest DHK infusion occurred regardless of whether or not the animals
received a dose of DHK prior to sSOR training (Fig. 5). Thus, DHK does not
exhibit state dependence; instead, DHK might be activating a mechanism
that prevents memory expression.

We have recently shown that the cellular mechanism involved in LTM
expression is required to promote the persistence of the memory trace by
spaced training™. The experiments showed that a single sSOR did not
induce memory expression a week later. However, when a subsequent
wSOR trial was applied one day after the original training, the persistence of
SOR-LTM was promoted. This phenomenon was blocked by disrupting the
molecular mechanism of memory expression at the time of retraining™.
Here, we showed that DHK completely impaired the memory persistence
promoted by spaced training, confirming the deleterious role of DHK in
SOR memory expression, which involved Arc expression (Fig. 6).

Another strategy to maintain the memory trace includes exposing the
animal to a reminding event like a test session. It was described that a test
session given one day after sSSOR-induced memory reconsolidation™, which
refers to the process of destabilization/restabilization of a memory after its
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Fig. 8 | Chronic systemic administration of Ceftriaxone (CFT) does not affect
acquisition and STM expression but impairs LTM formation. The top diagram
shows the experimental design. All groups were trained with a sSOR session. All
animals received intraperitoneal injections of either Veh (11 = 9) or CFT (n = 10) for
7 days. STM was tested (left) 1 h after training. Data are expressed as preference
index mean + SEM. p > 0.05 vs. Veh STM Student’s t-test; t = 0.6798. The same
groups of rats were tested 24 h after the STM test (right). Data are expressed as
preference index mean + SEM. ***p < 0.001 vs. Veh LTM. Student’s t-test; t = 6.449.

activation’'. DHK administered prior to the reactivation session, conducted
24 h after the sSOR, induced both SOR-LTM lack of expression and amnesia
evaluated in the subsequent test performed the following day (Fig. 7). These
findings evidence its negative effect on the reconsolidation process. How-
ever, DHK’s detrimental effect on the reconsolidation process was not
prevented by Hp Arc ASO administration, suggesting that Arc was not
involved in this mechanism (Fig. 7b). Also, we found that GLT-1 blockade
immediately after recall prevented reconsolidation (Supplementary Fig. 4).
This result is in agreement with previous works studying the role of
astrocyte-derived lactate on memory conditioning to cocaine-induced place
preference’”. Authors showed long-term amnesia induced by glycogen-
olysis inhibition into the basolateral amygdala after the reactivation session,
evidencing the action of glia on the reconsolidation process. Our work is the
first to show that GLT-1 blockade in Hp prevents memory reconsolidation,
placing astrocytes as crucial players in memory trace restabilization.

The other side of the coin was to study SOR memory processes by
upregulating astroglial GLT-1. It has been shown that the chronic and
systemic administration of Ceftraixone increases GLT-1 protein levels in the
membrane. This increase is more sensitive and earlier in the Hp of the
animals than in other brain regions™. We trained rats after one week of
treatment with CFT and observed that they expressed SOR-STM, but not
SOR-LTM, demonstrating that the animals were able to acquire the infor-
mation, but they could not consolidate it (Fig. 8). Furthermore, animals that
underwent chronic administration of CFT display memory impairments in
novel object recognition, when compared to control rats” with no beha-
vioral abnormalities observed in the OF test or Mortis water maze test””. We
did not observe changes in the OF exploration, nor in the Elevated Plus
Maze rat performance after systemic administration of CFT, suggesting that
SOR-LTM amnesia induced by CFT was not due to changes in locomotor
activity or in the anxiety-like state of rats.

Conclusion

We conclude that glutamate uptake modulation through astroglial GLT-1
affects spatial memory processes. The effect of this modulation depends on
the intensity of the spatial learning, as well as the phase of memory eval-
uated. We demonstrated that, under hippocampal GLT-1 blockade con-
ditions, rats were able to acquire spatial learning and even consolidate the
memory induced by weak training. Also, GLT-1 blockade around strong
training did not modify spatial memory consolidation. However, rats were
unable to express or reconsolidate the trace while GLT-1 was blocked. We
also revealed that hippocampal GLT-1 blockade activated a mechanism that
depends on Arc translation and/or BDNF action. In contrast, GLT-1
upregulation impaired spatial memory consolidation, but did not prevent
learning acquisition or expression. In conclusion, here we described the
critical involvement of hippocampal glutamate uptake from astroglia in the
processes of formation, persistence, and access to spatial memories. Our
findings highlight possible sites of action for the development of new
treatments for neuropsychiatric disorders such as specific phobias, post-
traumatic stress disorder, and cognitive impairment.

Data availability

Numerical source data for all files in the manuscript can be found in sup-
plementary data file at https://doi.org/10.17632/72zh75ks9t.1 (Supple-
mentary Data 1). None of the experiments were preregistered.
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