
1

Vol.:(0123456789)

Scientific Reports |         (2024) 14:5977  | https://doi.org/10.1038/s41598-024-56015-3

www.nature.com/scientificreports

Impairments in the early 
consolidation of spatial memories 
via group II mGluR agonism 
in the mammillary bodies
Michal M. Milczarek , James C. Perry , Eman Amin , Salma Haniffa , Thomas Hathaway  & 
Seralynne D. Vann *

mGluR2 receptors are widely expressed in limbic brain regions associated with memory, including the 
hippocampal formation, retrosplenial and frontal cortices, as well as subcortical regions including the 
mammillary bodies. mGluR2/3 agonists have been proposed as potential therapeutics for neurological 
and psychiatric disorders, however, there is still little known about the role of these receptors in 
cognitive processes, including memory consolidation. To address this, we assessed the effect of 
the mGluR2/3 agonist, eglumetad, on spatial memory consolidation in both mice and rats. Using 
the novel place preference paradigm, we found that post-sample injections of eglumetad impaired 
subsequent spatial discrimination when tested 6 h later. Using the immediate early gene c-fos as a 
marker of neural activity, we showed that eglumetad injections reduced activity in a network of limbic 
brain regions including the hippocampus and mammillary bodies. To determine whether the systemic 
effects could be replicated with more targeted manipulations, we performed post-sample infusions of 
the mGluR2/3 agonist 2R,4R-APDC into the mammillary bodies. This impaired novelty discrimination 
on a place preference task and an object-in-place task, again highlighting the role of mGluR2/3 
transmission in memory consolidation and demonstrating the crucial involvement of the mammillary 
bodies in post-encoding processing of spatial information.

Memory formation is a complex process, involving encoding, consolidation, and recall. These processes depend 
on a network of brain regions whose relative contribution varies according to memory stage as well as its content. 
The medial diencephalon, including the mammillary bodies, has long been implicated in memory  processing1–3, 
especially in relation to  encoding4–7. By contrast, less is known about its possible contributions to consolida-
tion, which has been more closely aligned with the medial temporal lobe and cortical  regions8,9, which are sites 
directly involved in memory storage. However, increasing evidence suggests an active role for subcortical regions 
in orchestrating systems-wide memory consolidation, via neuromodulatory  inputs10,11 and generation of oscil-
latory  activity12. This role may be extended to the mammillary bodies given their importance for arousal and 
coordinating hippocampal-network  activity2,13.

The mammillary bodies form part of an extended memory system (the Papez network), receiving their major 
glutamatergic input from the subiculum via the postcommissural fornix and projecting to the anterior thalamic 
nuclei, which in turn reciprocally connect with the hippocampal formation and cortical regions involved in 
mnemonic  processing14. Mammillary body activity is modulated via their reciprocal connections with Gudden’s 
tegmental nuclei, and inputs from the septum and supramammillary  nuclei2. This enables the mammillary bod-
ies to modulate and amplify relevant signals for subsequent processing in downstream  regions2,13, in addition, 
their role in the propagation of sharp-wave ripple-related  activity15 provides a further mechanism via which the 
mammillary bodies may contribute to consolidatory  processes16.

The mammillary bodies show evidence of highly specialized glutamatergic transmission: they express vesicu-
lar glutamate transporters as well as ionotropic and metabotropic glutamate  receptors17,18. Indeed, the medial 
mammillary nucleus has some of the highest metabotropic glutamate receptor 2 (mGluR2) expression levels, 
along with other regions in the Papez network including the hippocampus, and retrosplenial  cortex19. The distri-
bution of mGluR2 in the brain might suggest that modulating mGluR2 activity would impact memory processes. 
However, the effects of mGluR2/3 agonists on spatial working memory tasks appear  mixed20, with some studies 
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finding  impairments21,22 while others showing  improvements23 and others showing no effect on  cognition24. 
However, metabotropic glutamate receptors in general have also been implicated in memory  consolidation25, 
due to their role in slower, longer-lasting modulatory  effects26, including long-term  depression27, and mGluR2 
could therefore be mediating consolidatory processes within the Papez  network28.

To assess the effects of mGlu2/3 receptor manipulation on early consolidation processes, rats and mice were 
systemically injected with an mGluR2/3 agonist, eglumetad (LY354740), immediately after the sample phase of a 
novel place preference task and a discrimination test was carried out after a 6-h delay. A motility test was used to 
determine whether the injections had any overall effects on activity. To identify which brain regions were affected 
by systemic eglumetad injections, we quantified the expression of the immediate early gene c-fos across the Papez 
network in mice that had explored a novel environment after receiving either an injection of eglumetad or saline.

The next step was to determine whether the systemic effects of mGluR2/3 agonists could be replicated with 
more targeted administration and for this we looked at the effects of mGlu2/3 receptor agonism in the mam-
millary bodies. The mammillary bodies were selected as they have particularly high levels of mGlu2 receptor 
 expression19 and slice studies have shown the mGluR2/3 agonist, APDC, to inhibit mammillary body  activity29. 
Animals were tested on two spatial discrimination tasks that assess incidental learning and rely on an animal’s 
innate preference for  novelty3. By looking at spatial discrimination behavior with a 6-h delay, and administering 
the drug post-sample, it was possible to study the impact of an mGluR2/3 agonist on early consolidation while 
leaving the animals unaffected by any acute effects of the drug during both encoding and recall periods.

Results
Experiment 1
We first tested the impact of eglumetad injections in rats on open field exploration and found no effect on total 
distance travelled, mean distance from the center of the arena or time spent in the centre of the arena at 30 min 
post-injection (total distance travelled: t = − 0.34, p = 0.63, d = -0.09; mean distance from center: t = 0.09, p = 0.46, 
d = 0.02; time in the center of the maze: t = 0.51, p = 0.7, d = 0.14; Fig. 1 a–c; Fig S1a) or at 6 h post-injection (total 
distance travelled: t = 1.41, p = 0.09, d = 0.37; mean distance from center: t = − 0.98, p = 0.84, d = − 0.26; time in the 
center of the maze: t = 0.6, p = 0.73, d = 0.16 ; Fig. S1b–e; one-sided within-subject permutation tests).

Next, we investigated the effect of the drug on memory consolidation using the novel place preference (NPP) 
task with a 6 h delay between sample and test. Post-sample injections of eglumetad impaired novel spatial 
discrimination (Fig. 1d), as demonstrated by a significant reduction in cumulative discrimination scores when 
compared with saline injections (t = 1.79, p = 0.047, d = 0.55; one-sided within-subject permutation test; Fig. 1e,f). 
Furthermore, rats displayed clear novel place preference with above-chance cumulative discrimination scores 
following saline injections (t = 3.59, p = 1.62 ×  10−3; one-sided within-subject permutation test) whereas they 
performed at chance following eglumetad injections (t = 1.02, p = 0.16). The differences in discrimination were 
not driven by changes in general activity as there was no effect of drug on total number of arm entries or mean 
duration of time spent in the arms either at sample or test phases of the task (number of entries at sample: 
t = − 0.97, p = 0.38, d = − 0.21; mean arm visit time at sample: t = 0.63, p = 0.54, d = -0.14; number of entries at 
test: t = 0.06, p = 1, d = 0.012; mean arm visit time at sample: t = 0.68, p = 0.51, d = − 0.15; two-sided within-subject 
permutation tests). However, we found that total active exploration at sample was negatively correlated with 
subsequent discrimination scores at test following saline injections (r = − 0.56, p = 0.024) but not following eglu-
metad injections (r = − 0.04, p = 0.88). We therefore tested if inclusion of sample total exploration data improved 
the estimation of discrimination scores at test and found that it marginally did (λ = 3.88, p = 0.049, compared to 
a model lacking sample data), while still returning the main effect of drug  (F1,29 = 5.45, p = 0.027) and a trend for 
sample total exploration on D2 scores at test  (F1,29 = 4.13, p = 0.051).

We also measured the concentration of the drug in rat brains at increasing intervals between 10 and 360 min 
from injection, confirming its presence immediately after injection and a near full wash-out by 6 h (5.5-fold 
decrease, Fig. S2).

Experiment 2
As with rats (Experiment 1), eglumetad injections had no effect on the total distance travelled in the open field 
in mice (t = 0.44, p = 0.33, d = 0.18; one-sided between-subject permutation test; Fig. 2a,b). However, unlike the 
effect on rats, the injections in mice resulted in greater exploration in the center of the arena as measured by mean 
distance from center (t = 2.59, p = 9.93 ×  10−3, d = 1.03, one-sided between-subject permutation test; Fig. 2a,c) but 
not when using the time spent in center of the arena (t = 1.24, p = 0.12, d = 0.55; Fig. S3).

Eglumetad affected performance on the NPP task in mice (Fig. 2 d) in the same way as in rats, with saline-
injected mice displaying above-chance discrimination (t = 4.6, p = 9.77 ×  10−4) and eglumetad-injected mice 
showing no preference (t = 1.43, p = 0.090; one-sided between-subject permutation tests, Fig. 2 e–f). This was 
reflected in significant drug-related differences in discrimination scores (t = 1.85, p = 0.038, d = 0.69, one-sided 
between-subject permutation test). The impaired discrimination following eglumetad injections did not reflect 
changes in overall activity as there was no effect of drug on the number of arm entries and the mean duration of 
time spent in the arms at either sample or test phases of the task (number of entries at sample: t = − 1.19, p = 0.23, 
d = − 0.44; mean arm visit time at sample: t = 2.07, p = 0.050, d = − 0.77; number of entries at test: t = 0.016, p = 0.98, 
d = 0.006, mean arm visit time at test: t = − 0.45, p = 0.67, d = 0.17, two-sided permutation tests). As with rats, 
we found total sample exploration time to negatively correlate with subsequent discrimination at test, this time 
both for saline (r = − 0.58, p = 0.0490) and eglumetad (r = − 0.56, p = 0.0495). Inclusion of sample exploration 
data significantly improved the mixed effects model (λ = 7.91, p = 0.0049), still returning a main effect of drug 
 (F1,22 = 9.33, p = 0.0058) and a main effect of total exploration  (F1,22 = 9.3, p = 0.0059). Factoring in sex did not 
improve the model (λ = 0.007, p = 0.92), suggesting the effect of the drug was equivalent in males and females.
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Experiment 3
To identify which brain areas were affected by systemic eglumetad injections (10 mg/kg), we looked at the effects 
of the drug on novelty-induced c-fos expression across limbic brain regions in mice. Mice were injected with either 
eglumetad or saline 30 min before being placed in a novel environment. While eglumetad injections had no effect 
on motility (t = 0, p = 0.68, d = − 0.23; one-sided between-subject permutation test; Fig. 3a,b), c-fos levels showed 
a marked reduction across multiple limbic areas. A mixed effect model (‘Density~Drug × Region + (1|Animal)’) 
returned a main effect of drug  (F1,11 = 9.32, p = 2.72 ×  10−3), a main effect of region  (F1,11 = 13.94, p = 4.86 ×  10−20) 
and a drug × region interaction  (F14,154 = 1.83, p = 0.039; Fig. 3c,d). Pairwise comparisons revealed significant 
differences in all regions of interest apart from the visual cortex, postsubiculum, anteroventral and anteromedial 
thalamic nuclei (Fig. S4).

Experiment 4
Experiment 3 identified several limbic regions that were affected by eglumetad injections. Among these, the 
mammillary bodies show high levels of circumscribed mGluR2 expression (Fig. 4e) and they have also been 
shown to directly respond to group II metabotropic  agonism29. As such, we hypothesized that local infusion of 
mGluR2/3 agonists into the mammillary bodies would be sufficient to impair spatial memory consolidation.

To test this, we cannulated 45 rats to locally infuse the mGluR2/3 agonist, 2R, 4R-APDC (Fig. 4a). Postmortem 
validation, including cresyl (Fig. 4d) and DAB staining (Fig. S5b for individual subjects), and in some cases, 
infusions of a fluorescent dye (Fig. 4f), confirmed correct cannula placement, with limited tissue damage, in 26 
rats (Fig. 4b,c and Fig. S5a). To ensure local infusions of APDC had no effect on motility, the rats were tested 
on open field exploration following saline and APDC infusions. There was no effect of drug on total distance 
travelled (t = − 1.01, p = 0.83, d = − 0.26) or mean distance from the center of the arena (t = 1.5, p = 0.090, d = 0.39) 

Figure 1.  The effect of eglumetad on open field activity and novel place preference in rats. (a) Schematic 
representation of the open field task and heatmaps representing mean arena occupancy (n = 8, within-subject 
design). (b) Violin plot of total distance travelled. The vertical bars are standard error of the mean, black dots 
represent the means, thin lines connect data from individual animals and the boldened line connects the 
means. (c) Violin plot of the mean distance from center of the open field. Lower values suggest less anxiety. (d) 
Schematic representation of the novel place preference task (n = 16, within-subject design): rats were presented 
with two sample maze arms for 10 min, followed by intraperitoneal injections and 6 h later given access to 
three arms (one novel and two familiar) for 10 min. The discrimination index at test was calculated as the ratio 
of the difference in time spent in the novel and familiar arms and the summed time spent in the novel and 
familiar arms. (e) Timeline of the cumulative discrimination index following saline or eglumetad injections. The 
solid lines represent mean values and the shaded areas, the standard error of the mean. (f) Violin plot of mean 
discrimination indices, calculated over 10 min of maze exploration at test. The horizontal line in (e) and (f) 
denotes chance-level performance.
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but a trend for increased time spent in the center of arena (t = 1.96, p = 0.055, d = 0.51, one-sided within-subject 
permutation tests; Fig. 5a–c, Fig S6).

For the NPP task (Fig. 5d), we found a similar pattern to that of the systemic injection experiments, with 
APDC infusions leading to significantly lower discrimination scores compared to saline infusions (t = 3.06, 
p = 5.08 ×  10−3, d = 0.54, one-sided within-subject permutation test; Fig. 5e,f). However, unlike the systemic injec-
tions, rats’ performance was above chance following both saline (t = 6.38, p = 6.1 ×  10−5) and APDC infusions 
(t = 2.07, p = 0.03; one-sided within-subject permutation tests), showing rats could discriminate the novel arm 
under both drug conditions. The main effect of drug was not driven by differences in overall activity levels at 
either sample or test (number of entries at sample: t = − 0.32, p = 0.81, d = − 0.074; mean arm visit time at sample: 
t = 1.08, p = 0.30, d = − 0.25; number of entries at test: t = − 0.20, p = 0.89, d = − 0.05, mean arm visit time at test: 
t = − 0.12, p = 0.91, d = 0.028; two-sided within-subject permutation tests). There were no relationships between 
sample exploration times and discrimination at test (saline: r = 0.0033, p = 0.99, APDC: r = 0.09, p = 0.74) and 
inclusion of sample data did not improve a linear mixed effect model (λ = 0.22, p = 0.64).

To test the specificity of these effects, we looked at performance in the rats excluded due to incorrect cannula 
placements. Rats were able to discriminate the novel location both after saline (t = 2.49, p = 0.017) and APDC infu-
sions (t = 2.59, p = 0.016) and there was no difference in discrimination scores across drug conditions (t = − 0.43, 
p = 0.67, d = − 0.15; Fig. S7).

Finally, we tested whether the effect of local infusions on the consolidation of spatial memory could be gen-
eralized to another novelty-driven task, the object-in-place task (Fig. 5 g). We found that rats were able to dis-
criminate the displaced objects at test following saline infusions (t = 3.27, p = 2.22 ×  10−3, one-sided within-subject 
permutation test Fig. 5h,i), whereas rats performed at chance following APDC infusions (t = − 0.18, p = 0.57, one-
sided within-subject permutation test Fig. 5h,i). These drug-related differences were reflected in a significant dif-
ference in discrimination scores (t = 2.13, p = 0.024, d = 0.46, one-sided within-subject permutation test Fig. 5h,i). 
As in the NPP task, this difference was not due to changes in general exploratory behaviors at sample or at test 
(sample: t = 0.79, p = 0.44, d = 0.17; test: t = 1.31, p = 0.21, d = 0.28; two-sided within-subject permutation tests). 
While total sample exploration did not relate to discrimination scores at test (saline: r = − 0.06, p = 0.81; APDC: 
r = -0.10, p = 0.70; model with sample exploration versus simpler model: λ = 0.22, p = 0.64), object preference at 

Figure 2.  The effect of eglumetad on open field activity and novel place preference in mice. (a) Schematic 
representation of the open field task and heatmaps representing mean arena occupancy (saline: seven female, 
four male; eglumetad: four female, six male). (b) Violin plot of total distance travelled, as in Fig. 1 b. (c) 
Violin plot of the mean distance from center of the open field. Lower values signify less anxiety. (d) Schematic 
representation of the novel place preference task. (e) Timeline of the cumulative discrimination index in mice 
that received saline (blue: five female; seven male) or eglumetad (red: five female; eight male) following sample. 
The solid lines represent mean values and the shaded areas, the standard error of the mean. (f) Violin plot of 
mean discrimination indices, calculated over 10 min of maze exploration at test. The horizontal line in (e) and 
(f) denotes chance-level performance.
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Figure 3.  The effect of eglumetad on motility and c-fos induction in mice (Experiment 3). (a) Heatmaps showing cross-maze motility 
following saline or eglumetad (10 mg/kg) injections. (b) Violin plots representing total distance travelled in cross-maze. Large black 
dots are mean values, the error bars are standard error of the mean and smaller light dots are data from individual animals (saline: 
n = 6, eglumetad: n = 5). (c) Representative images of selected areas of the Papez network (from top to bottom: retrosplenial cortex, 
dorsal subiculum, dorsal hippocampus, mammillary bodies) displaying differences in c-fos staining in home-cage controls (first 
column), mice under saline (second column) and mice under eglumetad (third column). Images from other regions as well as the 
quantification of home-cage control c-fos densities are displayed in Fig. S4. (d) Bar chart showing mean regional differences in relative 
c-fos expression (fold density change relative to mean home-cage control values) with counts from mice under saline or eglumetad in 
blue and red, respectively. The error bars are standard error of the mean and data from individual animals are shown as colored dots. 
The horizontal line represents no change relative to home-cage control. AD anterodorsal thalamic nucleus, AM anteromedial thalamic 
nucleus, AV anteroventral thalamic nucleus, CA1/CA3 hippocampal subfields, DG dentate gyrus, LMB lateral mammillary bodies, 
MMB medial mammillary bodies, POST postsubiculum, RSD dysgranular retrosplenial cortex, RSG granular retrosplenial cortex, V1 
primary visual cortex, VTG ventral tegmental nucleus of Gudden, dSUB dorsal subiculum, mPFC medial prefrontal cortex.
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sample (sample discrimination scores for subsequently displaced objects) showed a positive relationship with test 
discrimination scores for rats infused with saline (r = 0.67, p = 0.0035) but not with APDC (r = − 0.33, p = 0.20). 
Consistent with this, an interaction model (sample discrimination scores x drug) offered a better fit compared 
to a simple model (λ = 10.73, p = 0.0047) and to an additive model (λ = 9.77, p = 0.0018), returning a significant 
drug x sample_D2 interaction  (F1,30 = 11.31, p = 0.0021) and a main effect of drug  (F1,30 = 7.71, p = 0.0094).

Discussion
We identified a role for the mGluR2/3 agonist, eglumetad, in early spatial memory consolidation and this was 
mediated, in part, by its effect on the medial mammillary bodies. Post-sample administration of mGlu2/3 receptor 
agonists either injected systemically or infused into the mammillary bodies impaired performance on a novel 
place preference task. The systemic effects were found to be highly reliable as the same pattern was observed 
across both mice and rats; in mice the effects were observed in both males and females. mGlu2 receptors are 
strongly expressed in the Papez network in the rodent  brain19, a brain network important for  memory2. Consist-
ent with this, we found that systemic injections of eglumetad in mice markedly reduced novelty-induced c-fos 
expression across the Papez network, including the mammillary bodies, hippocampus, retrosplenial cortex and 
ventral tegmental nucleus of Gudden, indicating an inhibitory effect across this memory network. This pattern 
of reduced activity replicated findings from a previous glucose imaging  experiment30, establishing the impact of 
mGluR2/3 agonists on limbic memory networks. To determine whether local inhibition of the mammillary bod-
ies could produce a similar behavioral effect to a systemic mGluR2/3 agonist, or whether network-wide changes 
were necessary, we selectively targeted the mammillary bodies using the mGluR2/3 agonist, 2R, 4R-APDC. A 
remarkably consistent pattern of findings was observed with the local manipulation as with the systemic injec-
tions, suggesting the systemic effect of mGluR2/3 agonism was in part driven by its effect on the mammillary 
bodies. Furthermore, we extended our findings by showing impaired consolidation of a separate behavioral task, 
the object-in-place  task31, which is known to be sensitive to lesions of mammillary body  pathways3.

Neither systemic administration of an mGluR2/3 agonist, nor selective infusion into the mammillary bodies, 
affected the overall activity of rats or mice, as measured by open field exploration. Both eglumetad injected mice 
and locally infused rats showed a tendency to explore the center of the maze more but only according to one 
measure in each case (mean distance from center for mice and time spent in the center for rats); these trends are 
consistent with the anxiolytic effect of mGluR2/3  agonists32 but highlight more subtle effects that depend on the 
measures observed. There was also no difference in animals’ overall activity in the test phase of the discrimination 
tasks, despite impaired performance. This would suggest that the discrimination effects are driven by memory 
impairments resulting from impoverished consolidation, rather than non-specific changes to activity during 
the test stage. Consistent with this, the brain occupancy data showed that following systemic administration, 

Figure 4.  Local drug infusion in the mammillary bodies. (a) Diagrammatical representation of the guide 
cannula implant. The mammillary bodies are highlighted in red. (b) Subject classification based on histological 
verification. Out of 45 cannulation surgeries, 26 were classified as successful and 16, unsuccessful. Two animals 
with good cannula placement were rejected due to excess damage and one animal was removed from the study 
due to unrelated health issues. (c) Estimated cannula tip positions projected onto a mean mammillary body 
outline. Note that the average boundaries of the mammillary bodies are only approximated here, see Fig. S5 
for individual coronal levels as well as images of cannulated mammillary bodies for all cases. Dots represent 
successful canulations, diamonds misplaced cannulations and squares, excess damage (in both b&c). SuM 
supramammillary nucleus, LMB lateral mammillary body, MMB medial mammillary body. (d) Coronal section 
(Nissl staining) displaying the guide cannula track and infusion cannula tip location in the mammillary bodies. 
(e) mGluR2 immunostaining in the mammillary bodies. The label clearly differentiates the medial mammillary 
nucleus from the surrounding tissue, including the supramammillary nucleus. (f) the spread of locally infused 
fluorescent dye (acridine orange) in the mammillary bodies.
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eglumetad had mostly cleared from the brain after the first hour. As such, the post-sample drug manipulations 
can be considered in terms of their impact on early consolidation rather than directly affecting the recall stage.

We observed no mean differences in sample activity, as would be expected given the manipulations were 
carried out after the sample phase. However, we did find relationships between sample activity and test scores at 
an individual animal level across most of the behavioral tasks, likely driven by animals’ biases towards certain 
objects or maze arms. By including these sample exploration data in the analyses, we were able to reduce some of 
the variance and better isolate the effect of experimental treatment, making the data more robust and highlighting 
the potential benefit of using sample data in these types of experiments. The current study employed a two-phase 
design with a 6-h consolidation window, which capitalized on rats’ and mice’s natural ultradian activity patterns. 

Figure 5.  The effect of APDC infusions into the mammillary bodies on open field activity, novel place 
preference and object-in-place in rats. (a) Schematic representation of the open field task and heatmaps 
representing mean arena occupancy (within-subject n = 9). (b) Violin plot of total distance travelled, as in 
Fig. 1 b. (c) Violin plot of the mean distance from center of the open field. Lower values suggest less anxiety. 
(d) Schematic representation of the NPP task. (e) Timeline of the cumulative discrimination index in rats that 
received saline (blue) or APDC infusions (red) following sample (within-subject design, n = 15). The solid 
lines represent mean values and the shaded areas, the standard error of the mean. (f) Violin plot of mean 
discrimination indices, calculated over 10 min of maze exploration at test. (g) Schematic representation of the 
object-in-place task. (h) Timeline of the cumulative discrimination index in rats that received saline (blue) or 
APDC infusions (red) following sample (within-subject design, n = 17). The solid lines represent mean values 
and the shaded areas, the standard error of the mean. (i) Violin plot of mean discrimination indices, calculated 
over 10 min of maze exploration at test. The horizontal line in (e), (f), (g), (i) denotes chance-level performance.
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It is unclear whether manipulating the length of the sample-test delay would have produced an equivalent defi-
cit, however, lesions of the mammillary bodies or their principal efferent pathway have been shown to impair 
performance on the OIP task at shorter  delays3,33. Considering the systems-wide impact of eglumetad injections 
on c-fos expression, it might be predicted that that memory storage over longer delays, requiring greater cortical 
engagement, would also be vulnerable to mGluR2/3 agonist effects.

Almost all previous behavioral studies assessing the role of the mammillary bodies have involved permanent 
lesions, making it difficult to draw conclusions about their contributions to specific stages of memory processing. 
One of the few inactivation studies found that manipulation of the mammillary bodies in rabbits immediately 
after trace conditioning impaired reflex learning. By contrast, there was no effect if inactivation occurred 3 h after 
training, suggesting a role for the mammillary bodies during the early consolidation  period34. Glucose imaging 
and cytochrome oxidase imaging studies have also shown increased mammillary body activity during the first few 
hours following task  learning35–37, consistent with a role for the mammillary bodies in this early post-encoding 
period. However, as we only administered mGluR2/3 agonists immediately after the sample phase, further 
experiments would be needed to determine whether inactivation at later time points produced similar effects.

Temporary inactivation of both dorsal  subiculum38 and the anterior thalamic  nuclei39, regions that send 
inputs to, and receive outputs from the mammillary bodies, respectively, have both been shown to affect memory 
consolidation, suggesting that they, along with the mammillary bodies, form part of an extended consolida-
tion network. Indeed, the mammillary bodies’ role in mediating sharp-wave ripple-related activity between the 
dorsal subiculum and anterior thalamic nuclei might be key to this role in  consolidation15,40. However, there 
are also high expression levels of mGluR2 in the ventral tegmental nucleus of Gudden and, in agreement with 
this, we found reduced c-fos expression in this region following eglumetad injections. Therefore, the reciprocal 
mammillary body-tegmental nuclei pathway could also be contributing to consolidatory mechanisms, and the 
behavioral impairments observed.

mGluR2/3 agonists have been identified as a potential treatment for  schizophrenia41. The present results are 
difficult to interpret in terms of therapeutics since we investigated only the acute effects of drug administration. 
Chronic administration may produce different results on memory consolidation, with the agonist present at 
multiple stages of the task. Furthermore, downregulation of receptors and compensatory responses following 
chronic administration could also produce different effects. Nevertheless, future work into mGluR2-targeting 
agents as a treatment should consider the impact on the mammillary  bodies42 and, more generally, the effects 
on memory processing.

Improving the therapeutic potential of mGluRs requires mechanistic understanding of their roles across mul-
tiple brain systems. Our results demonstrate their relevance to long-term spatial memory via interactions within 
the limbic system and highlight the specific role of the mammillary bodies in early memory consolidation. The 
effect of systemic eglumetad delivery on c-fos expression suggests that the effects on consolidation may be driven 
by overall depression of neuronal activity. In support of this, group II mGluRs act as glutamate autoreceptors 
whose activation results in reduced presynaptic glutamate release, as seen in the hippocampus, prefrontal cortex, 
sensory cortices and  others43,44. In the case of the mammillary bodies, mGluR2 is, however, likely to directly exert 
its function by reducing neuronal excitability  postsynaptically29 (although the contribution of presynaptic and 
astrocytic mGluR2 cannot be ruled out). As such, impaired early consolidation following local drug infusion 
may simply reflect diminished mammillary body activity levels, thus reducing transmission of theta activity and 
bursting activity, particularly as mGluR2/3 agonists have been shown to preferentially affect spike  frequency45,46.

Together, the present results demonstrate that modulating neural activity in the Papez network, via mGluR2/3 
agonism, impacts early memory consolidation. Furthermore, mammillary body inhibition is sufficient to produce 
similar effects to those seen following systemic injections, highlighting the mammillary bodies as a vital node for 
consolidation. Given the mammillary bodies are affected in several neurological and psychiatric  disorders42,47–53, 
this gives a greater understanding of some of the mechanisms via which disruption to the mammillary bodies 
can impact cognitive processing.

Materials and Methods
Animals
Rats
A total of 73 male Lister Hooded rats (Envigo, UK) were used in the study: Experiment 1 involved 28 animals 
(~ 320–360 g at the time of injections); Rat Experiment 3 combined 45 rats from across three separate cohorts. 
Rats were housed in pairs in standard large cages (Rat Experiments 1 and 2) or large Double Decker cages 
(Experiment 3, Tecniplast, UK) with enrichment (chewsticks, tunnels) in a temperature-controlled room with 
a 12 h light/dark cycle. Prior to behavioral testing, all rats were food restricted to a minimum of 85% of their 
free-feeding weight. Water was available ad libitum throughout.

Mice
A total of 51 c57bl6/j mice were used: Experiment 2 included 33 mice (15–25 weeks old at the start of the experi-
ment, 15 female, 21 bred in-house and 12 sourced from Charles River, UK); Experiment 3 included 18 mice 
(21–29 weeks of age at the start of the experiment, three female, all bred in-house). Mice were housed in groups 
of two, in a temperature-controlled room, with enrichment (chewsticks, tunnels), under a 12 h light/dark cycle 
and with ad libitum access to food and water.

All experiments were performed in accordance with the UK Animals (Scientific Procedures) Act, 1986 and 
associated guidelines, the EU directive 2010/63/EU, as well as the Cardiff University Biological Standards Com-
mittee; experimental protocols were approved by the Cardiff University Biological Standards Committee and the 
UK Animals in Science Regulation Unit. The experiments were reported according to the ARRIVE guidelines.
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Randomization and blinding
For all experiments, test parameters (e.g. arm numbers, object pairs) were counterbalanced by pseudo-randomi-
zation (Latin cross method) such that each drug treatment condition received an equivalent experience. Drug 
administration schedules were also pseudo-randomized so that each testing day comprised vehicle and drug 
delivery in a roughly 50/50 ratio. For mouse experiments, the different sexes were tested on separate days when 
possible. Experimenters were not always blind to the drug condition while running the tasks, however, there 
were no direct experimenter-animal interaction once the animals commenced the tasks; drug assignments were 
blinded at the analysis and scoring stages. For histological analyses (c-fos region of interest selection, cannula 
placement validation), as well as case exclusion based on aberrant behavioral profiles, the identity of the animals 
or drug assignment or test performance were obscured such that they could not inform the decisions.

Experiment 1
Rats were subject to two behavioral testing paradigms: the open field and the novel place preference (NPP). The 
open field task was employed to rule out drug effects on overall activity whereas the NPP task tested the effect 
of the drug on memory consolidation.

For open field, 8 rats were first habituated to the apparatus over three 10 min sessions. The testing arena was 
a square, opaque wooden box (100 × 100 × 42 cm high) lined with sawdust, located on the floor of an evenly illu-
minated room (280 × 295 × 260 cm high). As it was a within-subject experiment, rats were tested on two separate 
days, approximately one week apart, receiving either eglumetad (6 mg/kg, 10.8 mM; also known as LY-354740, 
Tocris, UK) or saline vehicle injections, according to a counterbalanced design. Thirty mins after injections, rats 
were placed in the center of the open field arena for 10 min (morning session). Rats were returned to their home 
cages and again exposed to the open field for 10 min, 6 h after the morning open field session (afternoon session). 
Animals were recorded with an overhead camera (GoPro Silver 7, GoPro Inc., USA) while performing the task.

The NPP task was run in a modified radial arm maze. The maze comprised a central arena (35 diameter × 
25 cm high) and eight radiating arms (10 × 87 × 18 cm high), raised 68 cm off the floor. The base of the maze was 
white and opaque whereas the walls of the maze were made of clear Perspex. Arm entrances were blocked off 
by transparent doors operated remotely by the experimenter. The tops of the arms were covered by transparent 
plastic sheets to prevent the rats from climbing out. A translucent foil collar was also placed around the top of 
the central arena to discourage rats from climbing. The maze was positioned in the center of a room (255 × 330 
× 260 cm high) and was surrounded by white curtains. The room was dimly lit by partially covered fluorescent 
batten lightbulbs affixed to the ceiling. Task performance was captured with a camera (GoPro Silver 7, GoPro 
Inc., USA) mounted on a boom pole above the maze.

All animals received 3-4 habituation sessions prior to testing. For habituation, rats were individually placed 
in the center platform for 30 s after which two of the eight doors were opened and the rats were allowed to freely 
explore for 10 min. The two habituation arms formed a linear track and were kept the same for each rat across 
habituation sessions.

Each trial comprised a sample and a test phase, 6 h apart. the testing room was re-configured for each trial: 
Curtains were decorated with ~ 12 novel three-dimensional landmarks (e.g. Christmas decorations) and the 
center of the maze was sprayed with a novel baking aroma (e.g. vanilla, caramel, lemon, mint). This was to provide 
a novel context for each trial to maintain the animals’ interest. During sample runs, animals were given access to 
a previously unexplored set of arms 90° apart (see Fig. 1d). As with habituation, animals were first placed in the 
center arena for 30 s and then allowed to enter the two novel arms for another 10 min. Rats received intraperi-
toneal injections of eglumetad or saline vehicle immediately after the sample phase. They were then returned to 
their home cages, which were placed in a quiet room for 6 h until test. The test phase involved animals having 
access to the same two arms as in the sample phase as well as access to a third novel arm at 135° from either 
sample arm see Fig. 1d). This additional arm was considered a goal arm, i.e., if animals remember the two arms 
from the sample phase, the goal arm should be relatively more novel and therefore more interesting. Habituation 
and trial arms were assigned to each rat in a pseudo-randomized, counterbalanced fashion, and the experiment 
was run according to a within-subject design such that each rat received both injection types on separate occa-
sions, at least 7 days apart.

Drug occupancy
Rats were given intraperitoneal injections of eglumetad before being returned to their home cage for a prede-
termined amount of time (10 min, 30 min, 1 h, 3 h, 6 h). The animals were killed by a rising concentration of 
 CO2, followed by decapitation, and the brains were rapidly removed using bone scissors and forceps. A slice of 
brain was excised using a razor and weighed (each slice was between 100 and 150 mg for ease of homogeniza-
tion), then placed inside an Eppendorf tube on dry ice. The brain samples were thawed on wet ice and ice cold 
10 mM  KH2PO4 buffer (pH = 7) was added to the tube at a 1 mg:9 ml ratio of brain sample to buffer. An electronic 
homogenizer was used to generate a smooth solution. The homogenized samples were then stored at − 80 °C 
until further processing.

Standard curve preparation. Seven 1:3 serial dilutions of a 10  mM dimethylsulfoxide(DMSO) stock were 
made, yielding an eight-point Standard Curve (SC) with the following concentrations (mM): 1, 0.33, 0.11, 0.037, 
0.012, 0.0041, 0.0013, 0.00045. 1 µL of each SC dilution were dispensed into separate wells of one column of a 
deep welled (1 mL) 96-well polypropylene plate (Phree, Phenomenex, USA). 100 µL untreated homogenized 
brain was aliquoted into each well (giving final concentrations of 10, 3.3, 1.1, 0.37, 0.123, 0.041, 0.0137 and 
0.0045 µM), then mixed and incubated at room temperature for 10 min. 300 µL of a quench solution (10 mL 
MeOH + 10 µL 0.1 mM carbemazapine (internal standard) DMSO stock; [final] = 0.1 µM) was added to each well 
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and mixed. A further 600 µL MeOH was added to each well and mixed gently. The plate(s) were then centrifuged 
at 4000 rpm for 30 min to pellet the precipitate. The supernatant (approximately 850 µL) was then transferred 
into separate wells of a HybridSPE-plus 96 well filter plate (Sigma, Japan).

Sample preparation. 100 µL of each homogenized brain sample was placed into separate wells of a deep welled 
(1 mL) 96-well polypropylene plate (Phree, Phenomenex, USA). 300 µL of quench solution was then added to 
each sample and mixed. A further 600 µL of MeOH was added to each well and mixed gently. The plates were 
then centrifuged at 4000 rpm for 30 min to pellet the precipitate. The supernatant (approximately 850 µL) was 
then transferred into separate wells of a lipid HybridSPE-plus 96 well filter plate (Sigma, Japan) taking care not 
to disturb the pellet.

Filtration. Experiment and standard curve samples were filtered under vacuum into a fresh 1 mL deep well, 
96 well plate and placed in a vacuum concentrator (SPD120 SpeedVac Vacuum Concentrator, Thermofisher, 
USA). The vacuum evaporation was run for 5 h at 50°C after which the plate was incubated overnight at room 
temperature. All dried samples were re-suspended in 150 µL 50% MeCN. All experimental and standard curve 
samples were then placed on a 96 well polypropylene plate before being sealed with a ‘zone-free’ sealing film 
(Alpha Laboratories, cat # ZAF-PE-50, UK) for LC/MS–MS sampling and analysis (see Supplementary Materi-
als). All samples were analyzed in duplicate.

mGluR2 Immunohistochemistry
We used previously frozen/cryoprotected archival rat tissue, cut at 30 µm. Tissue was washed in PBST (0.2% 
Triton-X in PBS), then transferred to an EDTA buffer for 20 min at 80 °C, followed by a further 20 min at room 
temperature. Endogenous peroxidase activity was blocked by incubation in 3% hydrogen peroxidase solution in 
methanol and unspecific binding blocked by a two-hour incubation in 3% normal horse serum (NHS) in PBST 
(0.2% Triton-X in PSB). Sections were incubated in mGluR2 mouse monoclonal antibody (1:500, Santa Cruz, 
USA, sc-271655, in PBST with 1% NHS) overnight at 4 °C followed by a 2 h incubation in horse anti-mouse 
biotinylated secondary (1:200, Vector, 2Bscientific, UK, BA-200 in PBST with 1% NHS). The signal was amplified 
with an ABC kit (PK-6101 VectaStain kit, 2BScientific, UK) and developed by chromogenic peroxidase reac-
tion (DAB Substrate Kit, 2BScientific, UK), all according to manufacturer’s instructions. Tissue sections were 
mounted, dehydrated, and cleared in xylene prior to coverslipping and imaging.

Experiment 2
As with Experiment 1, mice were injected with either eglumetad or saline and tested on the open field and NPP 
paradigms in partially overlapping cohorts of 22 and 26 mice, respectively.

For open field, all mice first received three 10 min habituation sessions to the apparatus (40 cm × 40 cm, white 
opaque square box), followed by the test session. At test, animals were injected with saline or eglumetad 30 min 
prior to being placed in the arena. Animals were allowed to explore the arena for 10 min and their behavior was 
recorded (USBFHD01M-SFV, ELP, UK). The test was carried out according to a between-subject design in a 
counterbalanced manner, considering injection type and the sex of the mice.

For NPP, prior to commencing the task, mice were given a minimum of three sessions to habituate them to 
handling and the experimental room. The task was conducted in a translucent string-and-pulley operated 8-arm 
radial maze (arm dimensions: length, 36 cm; width, 9 cm; height, 17 cm). The maze was positioned 100 cm above 
the ground and evenly illuminated by ambient light. An overhead camera (USBFHD01M-SFV, ELP, UK) was 
used to record behavior. The maze was surrounded by laboratory equipment (sink, fridges, recording stages), 
serving as visual reference cues. The task was conducted in an analogous manner to that in rats in Experiment 
1 except mice did not receive odor cues or additional spatial cues (due to the between-subject design, the mice 
were only run once on the task so additional cues were not needed to differentiate between test sessions) and 
were not habituated to the maze prior to the task as  in54.

Experiment 3
We studied the effect of intraperitoneal eglumetad injections on regional brain activity by utilizing experience-
driven c-fos induction. Prior to the experiment, mice were habituated to the experimenter and the experimental 
room over three one-hour sessions involving gentle handling and placement of the home cages in the experimen-
tal room. c-fos expression was induced by allowing mice to individually explore a novel cross-maze (arm length: 
33.5 cm, arm height: 4 cm, arm width: 8 cm; made from clear Perspex, placed 64 cm from the ground) for 10 min 
each. The animals’ behavior was recorded using an overhead camera (USB3MP01H-BFV, ELP, UK). Six mice 
were injected with eglumetad and six with saline vehicle, 30 min prior to cross-maze exploration, while another 
six mice remained in their home cages to serve as controls. Following maze exploration, mice were returned to 
their home cages and euthanized 90 min later with pentobarbital  overdose55. Mice underwent intracardial perfu-
sion fixation (4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS)). The brains were subsequently 
removed and fixed for a further 2 h in PFA followed by a 48 h incubation in 25% sucrose solution in PBS. The 
brains were then trimmed using a custom 3D-printed mould (courtesy of Peter Watson, Biosi, Cardiff University) 
and sectioned at 35 µm using a sliding stage microtome (Bright Instruments, UK). The tissue was cryopreserved 
at − 20 °C in an ethylene glycol-PBS solution until required.

For each brain region of interest, 6–8 sections were processed per mouse. Endogenous peroxidase activity 
was blocked by incubation in 3% hydrogen peroxidase solution in methanol and unspecific binding blocked 
by a two-hour incubation in 3% normal goat serum (NGS) in PBST (0.2% Triton-X in PSB). c-fos was detected 
with a rabbit monoclonal antibody (1:2,500, 9F6, Cell Signaling Technology, USA) in 1% NGS-containing PBST 
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(incubation solution) for 72 h at 4 °C, followed by two-hour incubation in biotinylated goat anti-rabbit IgG in 
the incubation solution (1:200, PK-6101 VectaStain kit, 2BScientific, UK) at room temperature, amplified with 
an ABC kit (PK-6101 VectaStain kit, 2BScientific, UK) and developed by chromogenic peroxidase reaction with 
nickel enhancement (DAB Substrate Kit, 2BScientific, UK), all according to manufacturer’s instructions. Tissue 
sections were mounted, dehydrated, and cleared in xylene prior to coverslipping and imaging.

Whole-section images were obtained using an automated slide scanner (Olympus VS200, Olympus Life Sci-
ence, Japan), at 4 × magnification. The images were loaded into QuPath (v0.4.356) and c-fos-expressing nuclei 
were automatically detected with a custom script using an image classifier (accuracy: 92%, precision: 92%, 
recall: 94%) trained on a subset of manually annotated sections within a predetermined set of regions of interest 
(ROIs). The ROIs included the medial prefrontal cortex (mPFC, combined prelimbic and infralimbic cortex), 
anterodorsal thalamic nucleus (AD), anteromedial thalamic nucleus (AM), anteroventral thalamic nucleus (AV), 
dorsal hippocampal regions: CA1, CA3 & DG, lateral (LMB) and medial mammillary body (MMB), postsub-
iculum (POST), granular (RSG) and dysgranular retrosplenial cortex (RSD), primary visual cortex (V1), ventral 
tegmental nucleus of Gudden (VTG, its c-fos-expressing, ventromedial part only) and dorsal subiculum (dSUB). 
The number of c-fos-positive nuclei was normalized to the area of detection (as density) and mean density values 
per ROI were computed for each experimental subject.

Experiment 4
To determine the extent to which inhibition of the mammillary bodies alone, via an mGluR2/3 agonist, would 
impact on memory consolidation, we implanted rats with infusion cannulae and delivered the drug locally. All 
surgeries were performed under isoflurane anesthesia (induction 5%, maintenance 2%–2.5% isoflurane). At 
the time of surgery, rats weighed 256–320 g. The animals were positioned in a stereotaxic frame (David Kopf 
Instruments, USA) and the incisor bar adjusted to achieve a flat skull. For analgesic purposes, 0.1 ml of a 50–50 
mixture of lidocaine (20 mg/ml solution, Fresenius Kabi, UK) and bupivacaine (2.5 mg/ml solution, Aspen 
Pharma, Ireland) was applied topically to the scalp and 0.05 ml Metacam (5 mg/ml, Boehringer Ingelheim UK) 
was given subcutaneously. The scalp was incised to expose the skull and a craniotomy on the right side was made. 
The stereotaxic arm was set at 12° towards the midline and a single 8 mm guide cannula (Plastics One, 26 gauge, 
USA) targeting the medial mammillary bodies was implanted. The stereotaxic coordinates of the implant rela-
tive to bregma were anteroposterior − 4.45 mm and lateral − 1.95 mm. The cannula was lowered to − 6.85 mm 
from the top of the cortex. The implant was anchored to the skull with four screws (SFE-M1.4–3-A2, Accu, UK) 
and held in place by bone cement (Zimmer Biomet, USA). To prevent blockages, a removable ‘dummy’ cannula 
(Plastics One, USA) was inserted into the guide cannula. The anterior and posterior ends of the incision were 
closed with sutures and the antibiotic powder Clindamycin (Pfizer, USA) was applied topically to the site. To 
recover, rats were given subcutaneous glucose-saline injections (5 ml) and placed in a heated chamber. This was 
followed by close post-operative monitoring with ad libitum food access for at least a week. Behavioral testing 
began 2–3 weeks from surgery.

Implanted rats underwent the open field and NPP tasks, as described for Experiment 1. For open field, rats 
received the drug infusion 15 min prior to testing. There was no afternoon open field session. For NPP, the drug 
infusion followed immediately after sample and the animals were tested 6 h later. In addition to these tasks, 
animals in Experiment 4 were also tested on the object-in-place (OIP) task, which also probed the role of the 
mammillary bodies in memory consolidation, this time utilizing object-place relationships.

For OIP, animals were tested in a gray square wooden arena (100 × 100 × 42 cm high) with a clear acrylic lid. 
The floor of the arena was covered in a layer of sawdust. A cue card featuring geometric shapes was affixed to one 
wall of the arena to provide a polarizing cue. Additional salient visual cues, such as geometric shapes and high 
contrast stimuli, were attached to the walls of the testing room (280 × 295 × 260 cm high). Behavior was recorded 
using an overhead-mounted action camera (GoPro Silver 7, GoPro Inc, USA). The test objects were complex 
3-dimensional shapes constructed from Duplo (Lego, Denmark) that varied in color and size (16 × 16 × 14 cm 
high–15 × 16 × 19 cm high) and were too heavy to displace (each set comprised a red, a green, a blue and a yel-
low object). There were duplicates of each set of objects such that each test session used a different object set 
and within a session and duplicates were used for test and sample. Prior to testing, rats received five habituation 
sessions over 3 days. On the first day, rats were placed into the arena in home cage pairs for 10 min in the morn-
ing and 10 min in the afternoon. The following day, rats received two 5 min sessions individually. On the last 
day, individual rats received a single 5 min session. No objects were present in the arena during habituation. On 
test days, the task involved a sample and a test phase, separated by a 6 h delay. One object was placed in each 
corner of the arena, positioned 10 cm from the wall. An individual rat was transported to the room in a metal 
carrying box with a lid to prevent them from seeing outside the box. In the sample phase, the animal was placed 
in the center of the arena and allowed to explore the objects for 5 min. The rat was then individually placed in a 
holding cage in a quiet room for the delay period. For the 3 min test phase, identical duplicate objects were used 
but two of the objects swapped locations. All objects were cleaned with 70% ethanol between animals to remove 
odor cues and sawdust. The set of objects, the object pair that changed location, and object corner positions 
were counterbalanced across animals. As it was a within-subject design, all rats were tested twice, once under 
APDC and once under saline, this was also counterbalanced across animals. There was a minimum 7-day interval 
between the test sessions to maintain interest in the task.

At the conclusion of Experiment 4, all rats were given an overdose of pentobarbital and transcardially per-
fused. In some cases, we infused a fluorescent dye, acridine orange (11504047, Invitrogen, UK), to help estimate 
the spread of the drug infusate (Fig. 4f). Extracted brains were post-perfused in PFA for 3 h, incubated in 25% 
sucrose solution for 12–24 h and cut at 40 µm on a sliding-stage microtome (Bright Instruments, UK). Mounted 
and dehydrated sections (1-in-4 series) were counterstained with cresyl violet to help visualize the cannula 
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tracks. We also attempted to measure c-fos signal as in Experiment 3, however, we found cannulations produced 
very strong staining artifacts. While the tissue was not suitable for c-fos analysis, it was beneficial for identifying 
cannula placements (Fig. S4b). Brain sections were imaged using an automated slide scanner (VS200, Olympus, 
Japan) at 4 × magnification and independently assessed by three experienced researchers blinded to the behavioral 
data. Cases deemed acceptable by all three researchers were included in analyses. Reasons for exclusion included: 
(a) placement of cannula tip outside the borders of the medial mammillary nucleus, including the supramam-
millary nucleus, (b) cannula tip bordering the third ventricle/outer edge of the mammillary bodies, (c) excess 
mechanical damage. Included cases were centered on the medial part of the medial mammillary nucleus, leaving 
laterally adjacent structures, including the tuberomammillary nuclei, unaffected.

Drug administration
The drugs eglumetad (also known as LY-354740, Tocris, UK) and 2R, 4R-APDC (Tocris, UK, abbreviated to 
‘APDC’ hereafter) were administered via intraperitoneal injection or via local brain infusion, respectively. We 
used APDC for local infusions as its efficacy at inhibiting mammillary bodies has been demonstrated in slice 
 recordings29. However, since APDC does not readily cross the blood–brain barrier, we used its analogue, eglu-
metad, for systemic  injections57,58. Injections/infusions were preceded by habituation to gentle restraint, typically 
over 3 sessions.

For intraperitoneal eglumetad injections, mice received 10 mg/kg (at 360 µM in saline, pH-adjusted to within 
7.0–7.4) whereas rats, 6 mg/kg (at 10.8 mM in saline, pH-adjusted to within 7.0–7.4) of the drug solution (a 30 g 
mouse would therefore receive 450 µL of solution whereas a 300 g rat, 900 µL of solution). A lower dose was used 
in rats based on pilot data suggesting motor impairments at higher doses. Saline was used as the vehicle control.

For infusions, rats received 0.6 µL of APDC (at 1 mM in distilled water), pH-adjusted to 7.0–7.4 or saline. 
Animals were lightly restrained, and the internal ‘dummy’ cannula was replaced by an infusion cannula (Plastics 
One, 33-gauge) that projected 2 mm below the tip of the guide cannula. The infusion cannula was connected via 
polyethylene tubing to a 10 µl Hamilton syringe mounted on an infusion pump (Harvard Apparatus, USA). A 
volume of 0.6 µl was infused over approximately 2 min (a rate of 250 nl/min). The infusion cannula remained 
in place for a further 2 min to allow complete diffusion of the infusate. The ‘dummy’ cannula was re-inserted, 
and the animal returned to its cage.

Data analysis
Sample sizes for consolidation experiments were informed by pilot data, which indicated that demonstrating a 
75% difference in discrimination scores would require around 14 animals in a within-design experiment, given 
the variance in pilot cohorts. To account for cannula misplacements and case exclusions due to other factors 
(aberrant behavior, health issues, experimenter error), we aimed for three times as many animals in infusion 
experiments and twice as many animals in the between-subject mouse experiments. The primary outcome 
measure that confirmed sufficient sample sizes were tests of above-chance discrimination following vehicle 
administration.

For the open field task, the trajectories of the animals were computed in  DeepLabCut59 using custom models 
trained in-house (for each individual experiment). The coordinates were loaded into Matlab and total distance 
travelled, mean distance from the center of the maze and time spent in the center of the maze were calculated. 
The center of the maze was defined as the innermost part of the maze comprising 50% of its total area.

For the NPP task, recordings of the behavioral data were manually scored without knowledge of animal 
assignment, to provide entry and exit times for each arm visit. Entry to an arm was defined as the full head of 
the animal crossing the arm threshold, followed by its entire body, while an exit was scored when the full head 
of the animal crossed the threshold in the opposite direction. Periods of grooming as well as excessive biting or 
licking of maze walls were annotated and later excluded from analysis (animals did not differ in grooming/biting 
behavior according to drug). The manual scores were loaded into Matlab. Using custom scripts, the number of 
arm entries, mean arm visit time, cumulative active exploration (sum of total arm visit times) and a cumulative 
discrimination index (D2) were computed. The D2 score was calculated as the difference in cumulative time 
spent visiting the novel arm and the mean cumulative time spent visiting familiar arms over the sum of the 
cumulative novel arm visit time and the mean cumulative familiar arm visit time. The index therefore ranged 
from -1 (exclusive preference for familiar arms), through 0 (no preference for novel or familiar arms or chance 
level performance) to 1 (exclusive preference for the novel arm). Positive scores signified novel place preference. 
D2 values were plotted as function of exploration time (1–10 min) at 1 s resolution and compared between con-
ditions at 10 min exploration time. Both test and sample phases were analyzed, the former to ensure there were 
no mean group differences in animal activity levels by chance.

For the OIP task, video recordings were loaded into Matlab. The position of the animal’s center of gravity 
was extracted and assigned to the object it was closest to. The object positions and identities were extracted 
based on color thresholding. Cropped video frames displaying the animal in proximity to one of the four objects 
were assembled into a tiff file for manual scoring in FIJI. A custom start-up macro in FIJI was written to enable 
button-controlled user scoring of the videos in a frame-by-frame manner. This method improves the reliability 
of data as the experimenter is unaware of object placement in the arena at the time of testing, as well as the 
experimental status of the animal, thus removing potential bias. A frame was assigned an exploration status 
if the nose of the animal pointed toward the object and was within 1 cm from the object’s border. Instances of 
biting and licking were not considered object exploration. FIJI-outputted csv files were loaded into Matlab for 
analysis. Total object exploration and a cumulative discrimination score (D2) were computed. The D2 score was 
calculated as the difference in exploration times between the displaced and non-displaced objects over the sum 
of total object exploration time.
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For the NPP task, animals were removed from analyses if they spent less than 2 min exploring arms at either 
sample or test and if they idled in a single arm for longer than 1.5 min as well as in cases where running errors 
occurred (incorrect arms open, etc.). In total, six rats were excluded based on inadequate exploration levels 
(Experiment 1: two rats were excluded due to poor sample exploration and two for poor test exploration, one 
following eglumetad infusion and one following saline infusion; Experiment 4: two rats were excluded due 
to poor sample exploration). One saline-injected mouse was excluded from Experiment 2 due to inadequate 
exploration levels at test.

For the OIP tasks, animals were removed from analyses if they failed to explore any of the objects at sample 
or if they spent less than 30 s exploring the objects at either sample or test and (no animals were rejected based 
on these criteria).

For open field /cross-maze, animals were removed from analyses if they failed to move (i.e., remained in the 
corner of the arena or refused to enter arms). One eglumetad-injected mouse from Experiment 3 was removed 
from analyses on this basis.

Statistical analysis
To test for the effect of drugs on behavioral performance, we utilised permutation tests appropriate to the 
experimental design (between-subject design: permutationTest60 or within-subject design:  mult_comp_perm_t161; 
Supplementary Table 1). We used this approach as permutation testing is nonparametric and calculates exact, 
rather than estimated, p-values. Where assumptions for the equivalent parametric test are met, permutation 
and parametric hypothesis test probabilities are typically near identical. For experiments testing drug effects on 
memory, it was hypothesized eglumetad/2R,4R-APDC would lead to poorer performance, therefore one-sided 
(single-tail) tests were employed. Similarly, in open field experiments, it was hypothesized the drugs would lead 
to reduced motility and lower anxiety, and one-sided tests were used. Tests investigating whether animals per-
formed above chance levels were also one-tailed since below chance performance is statistically  implausible62. For 
any other tests (e.g., total number of arm visits on novel place preference task), we did not hypothesize a specific 
direction for the effect of the drug, and two-sided tests were used. To estimate the magnitude of the effects, we 
calculated the effect sizes in the form of Cohen’s  d63, using computeCohen_d64, adjusted to reflect the small (< 50) 
sample sizes used in the reported experiments.

For memory consolidation tasks, we also tested whether activity at sample explained the variance in discrimi-
nation scores observed at test. Informed by the presence of correlations between some sample metrics and dis-
crimination at test, we built a series of linear mixed effect models (fitlme) incorporating total active exploration at 
sample (both NPP and OIP) or object discrimination (OIP only) as confounding factors. If the addition of sample 
data significantly improved the model (compare function), we also tested for a significant improvement with an 
interaction term (drug by confound). The most parsimonious model with the best fit was chosen in each case.

For Experiment 3, c-fos staining density was transformed to represent fold change from baseline (mean 
home-cage control regional density values). The following linear mixed effect model (fitlme) was built to test for 
the effect of drug injections on c-fos induction levels: ‘Density~Drug × Region + (1|Animal)’. Simple effects were 
investigated in an analogous manner, for each individual ROI (‘Density~Drug + (1|Animal)’) and the computed 
regional p-values were corrected for with the Benjamini–Hochberg method fdr_bh add-on65.

Manual scoring of behavioral data was performed by several experienced researchers who were unaware of 
the animals’ experimental status at the time of scoring. To ascertain the robustness of the scores, a sub-sample of 
the videos was re-scored by another researcher. For the NPP task, we found an interclass correlation coefficient 
(icc) of 0.90 (CI: 0.78, 0.95); icc21  function66.

All statistical analyses were performed with custom scripts in Matlab (2022b, MathWorks, USA), available 
upon request. All plots were made with gramm67 in Matlab and modified in PowerPoint (Microsoft, USA).

Data availability
The datasets generated during the current study as well as code used in analysis are available from the corre-
sponding author on request.
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