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Introduction 

Throughout evolution, the hippocampus has be-
come adapt at manipulating data. In the brains of 
humans and other vertebrates, efficient networks ex-
ist in order to process sets of information from 
environmental stimuli. Two of these processes are 
pattern completion (PC) and pattern separation (PS) 
(see Figure 1) (Hainmueller & Bartos, 2020; Yassa & 
Stark, 2011). The former allows for incomplete sets 
of information to be completed into the full reference 
memory. The latter concerns itself with two 

overlapping sets of information, allowing for similar 
sets to be recognised as two separate entities. In daily 
life, PS helps to distinguish a new situation to readily 
existing similar memories. For instance, when park-
ing your car at the same parking lot, it is important to 
remember where you placed it today, versus where it 
was parked yesterday. A lack or failing of the process 
can lead to memory interference (Colgin et al., 2008), 
and an inability to distinguish similar experiences 
(Hainmueller & Bartos, 2020).  

Extensive literature implicates the CA3 of the hip-
pocampus (HPC) in recalling memories, and deems it 
adapt at performing PC (Nakazawa, 2017; Neunuebel 
& Knierim, 2014; Rolls, 2013; Yassa & Stark, 2011). 
The area consists of so called recurrent collaterals, or 
networks of neurons that can repeatedly activate each 
other until a local stability has been reached. This 
way, a full memory is recalled from only a fraction of 
input. However, such a network is unable to actively 
separate overlapping data sets. For PS to occur, a fil-
ter upstream of the CA3 is necessary. Indeed, the 
dentate gyrus (DG) is an upstream constituent of the 
CA3: information enters the HPC via the entorhinal 
cortex (EC), and either directly flows to the CA3 via 
the performant path (PP), or is processed by the DG 
before arriving at the CA3 (Amaral et al., 2007). In-
formation flows directionally through the HPC, via 
the previously mentioned path, called the tri-synaptic 
loop. The DG is parallel to this loop, and can process 

 
Figure 1 | A visualisation of PC and PS. The red and 

blue colours represent two sets of information. For a hippo-
campus specific example, one set can be visual stimuli, and 
the other a reference memory. Purple represents an overlap 
in information between both sets.  

Abstract 

In order to distinguish highly similar memories, 
an information process called pattern separation is 
needed. Here, overlapping sets of information are ac-
tively pulled apart. The dentate gyrus (DG) in the 
hippocampus has been implicated by fMRI and ECG 
studies in performing this function. It achieves PS via 
sparse baseline activity, high firing specificity and 
two processes called rate- and global remapping of 
cell ensembles. To this day, involvement has never 
been shown on a molecular level. Immediate early 
genes (IEGs) were used in this article to monitor neu-
ronal activity in the DG following an object location 
memory task, or a behavioural test that elicited PS. 
In an immunohistochemical cell count of IEG posi-
tive cells, no overall increase of DG activity was 
found following active PS. Either PS is facilitated 
without overall activity increase, or the IEG method 
is insufficient to monitor it. Indeed, some articles re-
port that c-fos positivity does not strongly correlate 
with neuronal firing, but rather represents performant 
path to DG input. Furthermore, one characteristic of 
PS is repeated reconsolidation of similar memories. 
With regards to this, zif268 reveals itself as a better 
candidate for IEG studies in the DG. Finally, whereas 
IEGs are insufficient to monitor rate remapping, they 
provides opportunities to study global remapping. 
While the method has obvious limitations, it has ben-
efits over single cell recordings and whole brain 
scans. 



incoming information differently. Therefore, it is 
stipulated that the DG functions as such a filter, and 
can effectively perform PS (GoodSmith et al., 2017, 
2019; Hainmueller & Bartos, 2018, 2020; Neunuebel 
& Knierim, 2014; Yassa & Stark, 2011). Then, two 
sets consisting of new sensory information and a ref-
erence memory enter the DG simultaneously. The 
output is two separated sets of information, repre-
sented by two distinct ensembles of neurons. 

Electrophysiological studies and computational 
models show the DG is able to achieve this via mul-
tiple different means (Hainmueller & Bartos, 2020; 
Schmidt et al., 2012). These means are not mutually 
exclusive, but are interconnected and work in tandem. 
First, a high abundance of granular cells (GCs) are 
present in the region (Amaral et al., 2007). Relatively 
few PP input enters this abundance of GCs, while 
each GC fires upon only a handful of CA3 pyramidal 
cells, meaning high specificity. This allows for re-
spectively information divergence followed by 
information convergence, during which PS is likely 
to take place (Chavlis et al., 2017; J. K. Leutgeb et 
al., 2007). Under baseline conditions, the DG is 
sparsely active, and normally only shows low fre-
quency firing (Hainmueller & Bartos, 2020). This 
way, GCs predominantly activate interneurons such 
as mossy cells (MCs) (see Figure 2). GCs and these 
interneurons repeatedly activate via feedback loops 
until a stable configuration of GCs has been reached 
(Hainmueller & Bartos, 2018). Then, this configura-
tion of GCs fire in high frequency bursts upon CA3 
pyramidal cells, passing on their information.  

The second means for performing PS consists of 
remapping (S. Leutgeb et al., 2005; Santoro, 2013; 
Schmidt et al., 2012). This represents dynamically 
changing the neuronal representation of an environ-
ment. Due to the computation the DG performs, new 
and unique ensembles of cells are recruited within the 
CA3. These ensembles are non-overlapping in their 
information. Two types of remapping exist: rate re-
mapping, represented by changes in cell firing rates; 

and global remapping, where an ensemble of neurons 
restructures (see Figure 3) (Colgin et al., 2008). In the 
former, within the DG the same cells are active for 
both sets of information, but certain cells will gradu-
ally start to represent one set more than the other 
(Santoro, 2013). The changes in rate encoding are 
then decoded when information reaches the CA3. In-
deed, as previously mentioned, firing rate and 
magnitude of GCs are important for determining what 
cells in the CA3 are recruited. In global remapping, 
information within the DG is pulled apart and is 
gradually represented by different, orthogonal 
ensembles of cells. Then, due to sparse activity and a 
low contact probability of GCs onto pyramidal cells, 
unique ensembles within the CA3 are recruited 
(Santoro, 2013). 

Part of the function the DG performs is that it has 
been implied in consolidating context to memories 
(Hainmueller & Bartos, 2020; Schmidt et al., 2012). 
Indeed, after blocking GC output, the direct PP to 
CA3 connection is sufficient to retrieve already es-
tablished memories of CFC (Kitamura et al., 2015; 
Nakashiba et al., 2012), unless recall requires distinc-
tion between similar contexts (Bernier et al., 2017). 
As expected, ablation of GCs before CFC memory 
acquisition results in impaired storage of the similar 
contexts, and ablates task performance. Furthermore, 
the DG and PS can be implicated in reconsolidation 
of an already existing memory (Hainmueller & 
Bartos, 2020; J. L. C. Lee, 2010; Miranda & 
Bekinschtein, 2018). A readily existing memory is 
then put into a labile state. Here, new information in 
the form of context can be added to a memory, i.e. 
remembering where at the very familiar parking lot 
you parked your car today. As such, the DG is able to 
add context to memories, or highlight details in new 
memories (J. L. C. Lee, 2008, 2010). In order to 
achieve this, new information must be compared to a 
readily existing memory, after which integration of 
the new information takes place into the memory 

Figure 2 | Adapted from Goodsmith et al., 2017. Morphological (left) and cellular (right) mark-up of the DG. The DG 
wraps around the pCA3. Information enters from the PP into the GCs. Here, multiple feedback loops with MCs and other 
interneurons located in the hilus exist until a desired computation has been reached. The information is then sent from GCs 
to pyramidal CA3 cells. 



trace. Here, PS could take place to facilitate the infor-
mation integration. 

Taken together, the DG performs a function of PS, 
and likely does so upon the CA3. It shows sparse fir-
ing, and lies parallel to the tri-synaptic loop. 
Therefore, it is likely to assume that the DG would 
only activate when needed, such as when performing 
a PS function. As such, an increase in overall DG ac-
tivity is expected when actively performing PS.  

Involvement of the DG in behavioural tasks call-
ing upon PS has already been shown in both fMRI 
and ECG studies in both rodents and humans (Bakker 
et al., 2008; Lacy et al., 2011; J. K. Leutgeb et al., 
2007; Treves et al., 2008). Indeed, activity in the re-
gion is seen when performing such a task. However, 
thus far it has not been shown on a molecular level 
that the DG is active during PS. One way to achieve 
this is to monitor cell activity in the DG via the use of 
immediate early gene (IEG) transcription. For 

example, the IEG c-fos can be used here as a marker 
for neuronal activity (Bernstein et al., 2019; Douglas 
et al., 1988; Guzowski et al., 1999; Hainmueller & 
Bartos, 2020). Whenever a neuron fires, protein lev-
els of this transcription factor rapidly rise and remain 
elevated for several hours. Downstream are multiple 
growth and survival factors such as BDNF to increase 
cell proliferation, and plasticity between activated 
cells. Via histochemical analysis of c-fos positivity in 
cells within the subregions of the dorsal HPC, activity 
of these regions can be shown. By giving mice behav-
ioural tasks requiring PS, overall activity of cells in 
the DG and other hippocampal regions can be com-
pared.  

The aim of the current study is to use a spatial 
memory task to illicit active PS in rodents, and to 
monitor the activity of the DG at a molecular level 
using c-fos. With that, more cell activation is ex-
pected in the DG following active PS.  

 
Figure 3 | Adapted from Santoro, 2013. The two types of remapping that constitute PS. (A) In global remapping, over-

lapping sets of information are gradually represented by orthogonal ensembles of cells before arriving in the CA3. (B) Rate 
remapping constitutes gradual changes in firing rates of neurons, until one of both sets of information is represented more 
than the other. 



Methods 

Animal care and housing 
A total of 18 male C57BL/6J mice were randomly 

distributed among three experimental groups: OLM, 
OPS and control (n=6). The animals were ordered 
from Charles River and were aged 42-48 days at arri-
val. After arrival, the animals were dual housed for 
two weeks and then moved into single housing. A 
standard 12 hr light and dark cycle was maintained 
(lights on at 10:00 to 22:00), and the room was kept 
at a steady temperature of 22°. Food and water were 
available ad libitum. One day after movement to sin-
gle housing, habituation followed for four 
consecutive days. This consisted of three days of hu-
man handling for 3 min daily, and one day four 
habituation to the testing arena for 10 min. All of the 
habituation and behavioural testing were performed 
at the start of the light phase.  

Behavioural testing 
The experimental groups were tested via one of 

two similar location memory tests: the object location 
memory (OLM), and object pattern separation (OPS) 
task (see Figure 5). All animals were tested in two 
consecutive trials each lasting 10 min. In the training 
trial (T1), objects were placed perpendicular to each 
other. After 24h followed the testing trial (T2). Here, 
one of the objects was moved to a new location of 1-
5, where 1 is the starting position, and each step rep-
resents a dislocation of 3.75 cm. These locations were 
previously determined in own research, as described 
by van Goethem et al. (2018). For OPS position 3, 
and for OLM  position 5 was determined. Objects in 
the control group were not moved in T2, but rather 
stayed perpendicular as presented previously in T1. 
Due to the innate curiosity of rodents, they will spend 
more time exploring the moved object. This explora-
tion time is then measure. The distance of movement 
for the object is smaller for OPS; it was previously 
determined as the minimum distance an object had to 
be moved in order for the mice to notice. Thus in con-
text of an identical environment, a small adjustment 
was made to the new sensory information, requiring 
PS (van Goethem et al., 2018; van Hagen et al., 
2015). This test is an adaption from the OLM task, 
and as such formation of memory relies on the HPC 

(Hainmueller & Bartos, 2020). As such, the DG is 
necessary for retrieval of said memories, and is thus 
required for spatial memory pattern separation 
(Gilbert et al., 2001; I. Lee & Solivan, 2010). 

The arena used for this task has the following di-
mensions: a width of 30 cm, a length of 40 cm and a 
height of 50 cm. At either side across the width of the 
arena cues were present in the form of a striped and a 
checkerboard pattern. For the objects, one out of four 
possible sets of household objects was used, ran-
domly distributed among experimental groups. The 
same set of objects was used per animal for both tri-
als. Determination  and direction of movement of the 
objects in T2 was done following a randomisation 
scheme, and was consistent among experimental 
groups. Objects were placed 7.5 cm from the side 
walls, and at position 5, objects are still 5 cm away 
from the length walls. 

Footage was captured and subsequently analysed 
using manual scoring. Exploration time per object, 
and total exploration time were measured. From this, 
a discrimination index (d2) was calculated as: 
(time_replaced – time_old) / (time_replaced + time_old), to 
control for total exploration.  

During both trials, total exploration time of both 
objects combined was calculated as e1 and e2, for T1 
and T2 respectively.  

Immunohistochemistry 
Perfusion of animals was performed 60 min after 

T2 using 4% PFA. Brains were then washed in PBS 
and stored in PBS + Azide. To freeze the brains, sam-
ples were put in a 30% sucrose solution overnight. 
Brains were frozen in liquid nitrogen before being 
stored at -80°. Slices of the HPC were cut at 20um 
using a cryostat, and were stored in PBS + Azide in 
4° cold storage. For analysis, only slices from the dor-
sal HPC were used. 

Figure 4 | Timeline of behavioural experiment in days. 
60m after T2, animals were perfused for further histochemical 
analysis. 

 
Figure 5 | The two trials of the OLM and OPS behavioural 

tasks. The dark red dots represent the objects. Each object can 
be moved to either the 3rd position (for OPS) or the 5th position 
(OLM), as depicted by the red circles. 

 



To visualise c-fos, an immunohistochemistry 
(IHC) DAB staining was performed. Slices were se-
lected for their quality. These were treated with 
hydrogen peroxide (0.3%) to halt activity of peroxi-
dases in the tissue. Slices were then permeabilised in 
0.3% Triton-X and simultaneously a pre-blocking 
treatment was done with normal goat serum for 1 hr. 
For the primary antibody, a 1:2000 dilution was used 
(Abcam #ab208942, RRID: AB_2747772), and slices 
were incubated for 72 hr in 4° cold storage on a 
shaker. Then, slices were incubated for 2 hr in the sec-
ondary antibody, which consisted of Biotinylated 
goat-anti-mouse IgG at 1:400 dilution. The AB com-
plex (Vectastain PK-6100 standard) for visualisation 
was prepared 30 min in advance at a dilution of 1:500, 
and treatment was done for 2 hr. The final DAB incu-
bation time was determined at 11:30 min with the use 
of two test cups. All washing steps for the IHC proto-
col were done with PBS on a shaker. 

Mounting of slides was done with a 1% gelatine 
solution in PBS. A total of 6-8 slices were mounted 
per slide. Slides were then dried overnight and dehy-
drated in an ethanol/xylol series. Finally, they were 
covered with DPX and cover glass. 

C-fos positivity cell counting 

From each sample’s slide, three brain slices were 
selected for the structural quality of their HPC. From 

these slices, photos were taken of the entire HPC bi-
laterally. This was done using a Leika microscope at 
a magnification of 100x. Multiple photos of one HPC 
were stitched together using photoshop.  

These merged photos were then processed using 
ImageJ (see Figure 6; for more on ImageJ, see sup-
plementary information). For each photo, the same 
series of processing steps were applied using auto-
mated scripts. This was done to aid in cell counting in 
a similar fashion for all sample photos. First, a back-
ground subtraction was done (Figure 6B) to equalise 
brightness across pictures. Second, an overlay mask 
(Figure 6C) was created to determine cell positivity. 
This overlay only colours groups of pixels above a 
certain black value, size and circularity. Three sepa-
rate overlays were made, with different settings for a 
threshold determining which cells are deemed posi-
tive. These overlays are called low, middle and high. 
Settings for the original overlay (middle) were deter-
mined manually from a few random sample pictures 
as reference. From this, the other two overlays were 
created with a higher and lower threshold. 

The number of positive cells were counted manu-
ally to increase accuracy of the measurements. Cells 
were counted for each region of the HPC separately 
(Figure 6A). Different regions of the HPC can be dis-
cerned. For this experiment, the following were 
chosen: superior DG (sDG), inferior DG (iDG), 
DGplus, proximal CA3 (pCA3), distal CA3 (dCA3), 

Figure 6 | A photo of the entire HPC from a random sample. The red lines represent the determination of regions. For 
the outlined box, the image processing and overlay are shown. (A) The merged picture without processing. (B) The same 
picture with the background subtracted and added contrast. (C) A middle overlay mask, made for the source photo. 

100x magnification 



and CA1. For each sample and region, averages were 
taken from the six photos of that sample (three slices 
bilaterally). Only cells in the granular cell layers were 
counted.  

DGplus represents the very tip of the DG where 
both blades meet. This area was measured separately 
as it is unclear which of the two blades the positive 
cells belong to. In calculations involving the entire 
DG, this measurement was included in the summa-
tion. The CA3 is separated into the dCA3 and pCA3. 
This was done via a measurement of the total length 
of the CA3, and taking the first 40% to be proximal 
(as described by GoodSmith et al., 2019; H. Lee et 
al., 2015). Measurement for the CA3 starts at the 
granular cell layer between the end of the two DG 
blades. The region ends at the CA2 (excluded in anal-
yses), after which the CA1 starts. From this final 
region, the very end was excluded. 

The dichotomy of the CA3 was chosen as the 
pCA3 has been implicated in PS (GoodSmith et al., 
2017; H. Lee et al., 2015). From the pyramidal cells 
of the CA3, back projections exist upon interneurons 
within the DG (Figure 2, left). This way, the pCA3 is 
likely to benefit PS. 

All slices were taken from the dorsal HPC. Along 
its axis, this part is especially involved in spatial 
memory tasks (Ferbinteanu & Mcdonald, 2000; I. Lee 
& Kesner, 2003; Pothuizen et al., 2004). Expression 
of multiple different IEGs has been shown to increase 
following tasks that test this memory (Guzowski et 
al., 1999, 2001). It has repeatedly been used to study 
PS in the DG (I. Lee & Kesner, 2004; Satvat et al., 
2011; Schmidt et al., 2012). 

Sample 10 was removed from all analyses due to 
problems during perfusion and IHC. Furthermore, 
from the IHC a separate analysis was done using a 
reduced dataset. All samples with poor image quality 
were removed from this analysis. Poor quality con-
sisted of crystallisation or problems during perfusion. 
These samples consisted of: 1 (all regions except the 
DG), 4, 8, 10, 11, 12 and 14. 

Statistics 

All statistics were performed in SPSS v25. 
From the behavioural tests, the d2 scores were 

compared. A one-way ANOVA was performed to 
check for differences between all groups. One-sample 
t-tests were performed to test significance of experi-
mental groups against zero. Independent sample t-
tests were performed to check whether groups dif-
fered significantly from each other. Inherent to the 
OLM and OPS behavioural tasks is that the animal 
will explore the moved object more than the unmoved 
object. A negative d2 value is thus not ever expected 

for these groups. As such, a one-tailed t-test could 
also be performed.  

For HPC, a Welch’s t-test was performed to check 
for significant differences between experimental 
groups. A one-way ANOVA was done to check for 
any difference between all groups. 

As a final analysis, a possible correlation between 
the behavioural tests and the IHC was analysed. The 
d2 scores of individual mice were coupled to their 
IHC count. A linear regression analysis was done to 
check for  significance.  

All graphs present were created using GraphPad 
Prism 8. The regression analysis was also performed 
using this program.  

Results 

Behavioural tasks 
The graph for behavioural testing is shown in Fig-

ure 7. For the d2 scores, performing a one-way Welch 
ANOVA across al experimental groups revealed sig-
nificant differences (p = 0.038). Indeed, in a one-
sample t-test OLM statistically differed from chance 
(p = 0.020), and in an independent sample t-test 
against control (unequal variances, p = 0.021). Alt-
hough OPS showed a clear trend, no positive results 
for this group were found in either the one-sample t-
test (p = 0.123) or the t-test against control (unequal 
variances, p = 0.167). When performing a one-tailed, 
one sample t-test for OPS, results were just short of 
significance (p = 0.061). 

Neither the e1 nor e2 scores differed between 
groups. A one-way Welch ANOVA for either 
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Figure 7 | The d2 score for all three experimental groups. 

OLM shows a significant difference from zero (one-sample t-
test, #p < 0.05). The group also has a higher d2 score than control 
(t-test, *p < 0.05). 

 



revealed no statistical variance (p = 0.26 and p = 0.53 
respectively). This means the total exploration times 
in T1 or T2 were the same for all groups, as expected.  

Immunohistochemistry 
Analysis of the cell counts did not reach statistical 

significance. None of the regions between groups 
showed differences in their mean from either t-tests 
or ANOVAs. This was true for all three overlays.  

Figure 8 shows graphs for the middle overlay only. 
Here, 8A shows total cell counts for the DG, and for 
the CA3. No differences were found between groups 
for either of these summations. The second graph 
shows the ratio of DG to CA3 positive cells. As the 
DG is expected to be involved in PS, whereas the 
CA3 has been implicated in PC, the ratio was ex-
pected to be substantially higher for the OPS group 
than for the OLM group. Again, this is not reflected 
in the results. Finally 8C shows the ratio of DG acti-
vation versus that of the CA1. Here, an attempt is 
made to normalise activation of the DG, as the CA1 
is not necessarily involved in either PS or PC, and is 
likely to have a similar level of activation in both 
(Guzowski et al., 2004; Hunsaker & Kesner, 2008). 

A second analysis was performed using only a 
subset of the entire dataset. Here, all images with low 
quality were excluded. However, again no significant 
results were found in statistical testing. 
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Figure 8 | IHC results of middle overlay. (A) Total cell 

counts for the entire DG and CA3 for all three groups. (B) The 
ratio of DG divided by CA3 cell counts. (C) The ratio of DG 
divided by CA3 cell counts. 

Figure 9 | Raw cell counts from all counted 
regions for each overlay threshold low, middle 
and high. Areas further away from the DG show 
a higher proportional increase, and more vari-
ance across the thresholds. 



When comparing the three overlay thresholds, it is 
interesting to notice that especially the CA1 and to a 
lesser extend CA3 show a larger proportional in-
crease (see Figure 9 low and high). Furthermore, the 
overlays show more variance as the threshold was set 
higher. Especially the high overlay has large vari-
ances for the CA1. Both of these observations are 
consistent with the IHC photos, where these regions 
show many cells with more light grey tints, whereas 
the DG shows clearly defined black dots (Figure 6).  

Correlation d2 and IHC  
An inquiry for a possible correlation between the 

behavioural tests and the cell count was performed. 
This was done via a regression analysis. Here, the d2 
values of samples from either the OLM or OPS group 
were plotted against their respective counts for indi-
vidual regions. Animals that perform better on the 
behavioural task, might then also show more neuron 
positivity. 

For the OPS, no significant results were found. 
The graph for the DG and CA3 regions is shown in 
Figure 10A.  

A positive correlation was found for the CA3 
within the OLM group (Figure 10B). A higher d2 
score here is indicative of more cell positivity (low 
overlay: R2 = 0.87, p = 0.020). Interesting to note here 
is that from the individual CA3 regions in the low 
count, the pCA3 showed no correlation (R2 = 0.54, p 
= 0.156), while the dCA3 did (R2 = 0.80, p = 0.039). 
Further, the ratio DG/CA3 showed a result in line 
with the CA3 finding, which is expected (low over-
lay: R2 = 0.91, p = 0.013). 

Finally, an analysis was done adding cell counts 
from both the OPS and OLM groups together to in-
crease the sample size. However, when comparing 
this group to the control, again nothing of interest was 
found.  

Discussion 

The results from this article do not reveal an in-
crease in DG activity. Either PS is facilitated without 
increasing overall activity, or the IEG method used in 
this article is insufficient to monitor it. The results can 
be explained in a variety of ways. Here, multiple are 
mentioned, and possible opportunities for follow-up 
studies using IEGs are given. 

DAB time, sample size and image quality 
In less sparse firing of neurons in regions like the 

CA1, many partly positive cells were present in IHC 
pictures. It is probable that longer DAB incubation 

times would increase contrast in these regions of the 
HPC. However, DAB time is unlikely to play a role 
in overall results: neurons in the DG showed clear ac-
tivation with little ambiguity. This is visible in the 
comparison of overlays, where high shows little more 
positive cells in this region compared to low (Figure 
9). 

Due to low tissue quality, some samples were 
likely not a good indicator for their relative group. 
This was mostly due to crystallisation of water, prob-
lems during perfusion and handling slices during 
cutting and IHC. Thus, a reduced analysis of cell 
counts was done with these samples excluded. As a 
result of this, sample size per group was severely re-
duced (n = 3 for OLM and OPS). It is possible that 
such a reduces sample size negatively influenced sta-
tistical analysis of both the cell counts and 
correlations.  

Overall, the question remains whether a sample 
size of six animals is high enough to accurately per-
form a regression analysis. A general rule of thump 
states a minimum of ten samples is needed (Hair et 
al., 2014). 

Finally, the d2 score of the OPS group was not able 
to reach statistical significance from either control or 
zero. Indeed, the original experiment required an 
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Figure 10 | Regression analysis of d2 values plotted against 

the respective IHC counts for the low overlay. (A) No signifi-
cant result found for a regression of the OPS samples. (B) 
Within the OLM samples, a higher d2 score is indicative of 
more CA3 cell positivity (R2 = 0.87, p = 0.020).  



n=12 for the behavioural tests, which was not real-
ised. Therefore, it remains unproven that these 
animals actually were able to notice the dislocation of 
objects in this task. However, it is unlikely this influ-
ences results of the IHC as the d2 scores show a clear 
trend, even with n=6. In line with the reduced analysis 
from the IHC, a follow-up study could benefit from a 
larger sample size. 

IEGs as a marker for neuronal activity 
One of the primary roles of IEGs is to induce plas-

ticity changes, and thereby consolidate a memory. 
However, as the DG is not required for retrieval, pre-
sumably the DG does not store a memory itself, but 
rather helps encode it in the CA3, and via systems 
consolidation in other parts of the brain. It is assuma-
ble then that plastic changes within the DG are not 
linked directly to a memory, but rather to the compu-
tations the DG performs. Specifically, plastic changes 
would then program the DG to perform future com-
putations more accurately, or to differently influence 
CA3 wiring. Transcription of IEGs is underlying 
these plasticity changes. The question then remains in 
what way IHC cell positivity actually reflects cell ac-
tivity in the DG. When using IEG techniques, it is 
important to realise what is being measured. 

Pyramidal cells are only activated by GCs once 
they receive high burst activity (Henze et al., 2002; 
Mori et al., 2004). In contrast, interneurons show a 
low threshold for firing, indicating that low frequency 
firing of GCs predominantly targets interneurons. 
These interneurons in their turn inhibit GC firing 
(Chavlis et al., 2017). This way, a stable set of GCs is 
reached, and following high burst firing, information 
progresses to the CA3 (Hainmueller & Bartos, 2018). 
Nuances in firing rate are thus important for DG func-
tioning. However, IEG imaging techniques might not 
be able to detect this as they cannot detect rate re-
mapping, and are not fully correlated with the total 
amount of neuronal firing (Schmidt et al., 2012). 

In line with this, some articles report that c-fos 
positivity in GCs does not strongly correlate with 
neuronal firing, but rather indicate an NMDA recep-
tor activation (Kim et al., 2018; Labiner et al., 1993). 
Indeed, activation of this receptor in GCs results in 
increased synaptic plasticity (Hainmueller & Bartos, 
2020). The widespread presence of GABAergic and 
other receptor type interneurons that make up DG 
feedback loops thus fail to provide information via 
IEG expression of GCs. For example, MC to GC fir-
ing undergoes LTP, and is integral to DG functioning, 
but is independent of the NMDA receptor 
(Hashimotodani et al., 2017). Firing of an achieved 
stable GC ensemble thus might not be represented by 
transcription of the c-fos gene. Overall, c-fos 

positivity is more indicative of DG input, as PP firing 
onto GCs reliably results in activation of the 
NMDAR, and expression of the IEG (Hainmueller & 
Bartos, 2020; Labiner et al., 1993). Then, c-fos would 
not be an accurate marker when looking at overall ac-
tivity. 

Zif268, reconsolidation and LTP 
When using IEG imaging techniques in the DG, c-

fos might not be the best candidate. Instead, zif268 
presents itself as a better option. This regulatory gene 
is involved in plasticity, and transcription has been 
implicated after neuronal activity in the DG (Schmidt 
et al., 2012). Within the DG, it is deemed a valid in-
dicator of cell activation, as it can reliably replicate 
findings of single cell firing, and other electrophysi-
ological studies (Jung & McNaughton, 1993; J. K. 
Leutgeb et al., 2007). The gene is activated by the 
MEK/ERK pathway, with CREB being a transcrip-
tion factor (Davis et al., 2003). Levels of this factor 
are in itself increased following neuronal activation 
(Moore et al., 1996), as Ca2+ influx results in CREB 
phosphorylation (Kornhauser et al., 2002). Upregula-
tion of the IEG is seen after stimulation of many types 
of receptors, including glutamatergic, adrenergic, do-
paminergic, and opiate receptors (Beckmann & 
Wilce, 1997; Hughes & Dragunow, 1995). Further-
more, it has been used to prove GC global remapping 
following in similar context behavioural test trials 
(Satvat et al., 2011). Indeed, it has been shown to be 
involved in spatial learning and CFC memory for-
mation (Davis et al., 2003). Finally, zif268 KO mice 
show impaired proliferation and morphological de-
fects in adult newborn GCs (Veyrac et al., 2013). 
These subtypes of GCs are in particular involved in 
PS, and storage of memories for CFC (Hainmueller 
& Bartos, 2020; Nakashiba et al., 2012). Without the 
gene, a severe reduction in responsiveness of these 
neurons is observed, and LTM of spatial learning fails 
(Veyrac et al., 2013). 

As mentioned, a working theory of PS involves 
consolidating new context to existing memories. In 
order to achieve this, the memory would have to be 
put into a state of reconsolidation. This is relevant to 
the present study, as PS is performed in comparing 
new context to an already existing memory from T1; 
a form of reconsolidation thus is likely to take place. 
Zif268 as an IEG is especially involved in reconsoli-
dation. An experiment by Bozon et al. (2003) showed 
this in the dorsal HPC following the object recogni-
tion task. Here, zif268 KO and WT mice were 
repeatedly exposed to an environment for 5 min peri-
ods. Then after either two or five days, in T2 one 
object was replaced, and exploration of both objects 
was measured. These mice, as well as WT, showed 



no trouble retrieving memories. However, if any-
where between T1 and T2 the KO animals were 
briefly exposed to both the arena and objects of T1 
(thus eliciting reconsolidation), they showed impair-
ments of memory at the T2 retention test. This 
indicates a role of the gene especially in controlling 
plasticity during reconsolidation. Indeed, in a similar 
task, zig268 mutant mice show impaired LTM for-
mation after normal, but not after extensive training 
trials; memories after bouts of reconsolidation are re-
liably impaired (Jones et al., 2001; J. L. C. Lee et al., 
2004). After normal training trials with a full KO 
mouse model, consolidation is insufficient to form a 
memory, and mice show a deficit in memory when 
tested for either consolidation or reconsolidation 
(Besnard et al., 2013). With a one allele KO model, 
consolidation was sufficient, but still reconsolidation 
was impaired. Finally, repeats of the same spatial 
learning tasks reliably induce transcription of zif268 
within the dorsal HPC (Guzowski et al., 2001). 

 In line with it’s role in reconsolidation, the gene 
has been heavily implicated in playing a role in LTP 
and long-term memory formation. In the DG, LTP in-
duction is correlated with zif268 upregulation 
(Abraham et al., 1993; Richardson et al., 1992). This 
is specific to LTP persistence, while initial magnitude 
does not contribute. Specifically, zif268 seems to sta-
bilize long-lasting LTP, and thus is a major indicator 
for inducing lasting plasticity changes (Jones et al., 
2001). LTP in its turn has been linked to PS. Induc-
tion of potentiation in MC to GC feedback loops 
helps DG output, and enhances PS (Hashimotodani et 

al., 2017). Furthermore, silencing of NMDA recep-
tors significantly reduces GC plasticity, and these 
mice show impaired CFC performance (McHugh et 
al., 2007). More specifically, in GluN2A KO models, 
mice show impaired synaptic plasticity, and fail at a 
variety of spatial pattern separation tasks 
(Kannangara et al., 2014). With regards to LTP, c-fos 
paints a different picture. LTP induction in the PP 
does not reliably result in c-fos transcription in GCs 
(Douglas et al., 1988; Dragunow et al., 1989). Fur-
thermore, transcription is not correlated with the 
amount of LTP (Dragunow et al., 1989). Indeed, in-
duction of LTP in the DG shows little correlation with 
c-fos mRNA levels following a northern blot (Wisden 
et al., 1990). 

Taken together, this data implicates a role of 
zif268 in all both consolidation and especially recon-
solidation, and shows a better response to induction 
of LTP than c-fos. However, articles discussing either 
LTP or IEG transcription often exclusively focus on 
the DG, while looking past the CA3. As mentioned, 
the DG induces plasticity changes in this HPC area 
(Hainmueller & Bartos, 2020). It might do this as a 
function to induce plasticity changes at the level of 
pyramidal cells in the CA3, without necessarily re-
sulting in changes within the DG itself. When using 
IEGs, behaviour of the CA3 is therefore important to 
incorporate into the results. Overall, the use of zif268 
in monitoring CG activity in the DG seems better 
suited, especially for the experiment performed in 
this paper. 

Figure 11 | Adapted from Schmidt et al., 2012. Similar and distinct environments both highly decrease DG activity overlap. 
(A) The proportion of cells that overlap in activation across two behavioural tasks (Marrone et al., 2011). A stark decrease in 
overlap is seen in the superior blade of the DG (DGSP) when using two distinct environments (A/B) but also in the same 
environment with an altered task demand (A/A’), when compared to exposure to the same environment twice (A/A). This is 
also true for the ventral DG (not shown), but not for the inferior blade (DGIP). (B) Exposure to a task substantially increases 
IEG positivity in the superior blade of the DG (DGSP) when compared to home cage control. This is true for the ventral DG 
(not shown), but not for the inferior blade (DGIP).  



Using IEGs to determine GC remapping in 
the DG 

As mentioned, remapping is the manner via which 
the DG facilitates PS. Were the DG to function exclu-
sively via rate remapping, the lack of overall 
activated cells from IHC results in this article could 
be explained. However, extensive research from sin-
gle cell recordings and IEG studies indicates global 
remapping to take place (J. K. Leutgeb et al., 2007; 
Nakazawa, 2017; Satvat et al., 2011; Schmidt et al., 
2012). Indeed, both types of remapping are underly-
ing PS (Hainmueller & Bartos, 2020; Schmidt et al., 
2012). As mentioned, rate remapping cannot be visu-
alised via IEGs. Global remapping can be, however, 
and one method that is explained below is particularly 
interesting to explore this feature. As an advantage, it 
presents a picture for the entire DG and HPC, where 
single cell recordings are highly limited in scale. If 
the IEG visualisation used in this paper is insufficient 
to monitor changes in overall activity, the global re-
mapping method still provides interesting 
opportunities. 

The method is an in-situ hybridization technique 
that is used to timestamp IEG cell positivity (Schmidt 
et al., 2012). As first described by Guzowski et al. 
(1999), this technique tracks IEG transcription re-
sponses to two distinct time points. For Arc and 
zif268, within minutes of neuronal activity, RNA ac-
cumulates in the nucleus. This RNA then disappears, 
and reappears 30 min after neuronal activity as an ac-
cumulation in the cytoplasm outside of the nucleus. 
This allows performing two consecutive behavioural 
tasks with the same animal, and determining IEG ac-
tivity separately for both. 

Using this method, one can elucidate behaviour of 
global remapping of GCs in the DG. Remapping is 
described here by the difference in overlap in IEG 
positivity between both epochs of behavioural tests. 
When testing the same rat for two different naviga-
tional strategies within a plus maze (Figure 11A, 
A/A’), significantly less GCs show repeated activa-
tion compared to testing the same strategy (1st A/A), 
indicating remapping of GCs (Satvat et al., 2011). In-
deed, if a rat does the same task twice in the same 
environment (2nd A/A), 70% of cells overlap in activ-
ity (Marrone et al., 2011), which is substantially 
higher when compared to distinct environments 
(A/B). Still, this overlap is above 90% for pyramidal 
cells  (Guzowski et al., 1999), from which the authors 
conclude that remapping is still present if tested in the 
same environment, but on separate occasions. 

Small changes in environment, strategy, or even 
solely temporal, reveal the high tendency of re-
mapping for GCs. Regardless of the degree of 

contextual differences, remapping of the DG is sub-
stantial. This could be why for the IHC in this paper, 
a similar level of DG activity was seen in all groups, 
as DG activity in the form of remapping was true for 
all groups. Even the control group would then show 
DG activity, due to the time elapsed between T1 and 
T2, giving new temporal context. 

Reducing overlap of CA3 pyramidal cell 
activity 

A recent theory on how the DG facilitates PS has 
gained popularity. The theory stems from observa-
tions that CA3 activity patterns differ more between 
similar contexts than those of the DG (Hainmueller & 
Bartos, 2018; Senzai & Buzsáki, 2017). Furthermore, 
in a study using the previously mentioned overlap-
ping IEG method, animals that were better at 
discriminating two similar environments were those 
that showed a higher IEG overlap in ensembles of the 
DG (Marrone et al., 2011).  

The theory states that the two sets of information 
enter the DG, after which only the overlapping part is 
sent forward to the CA3. Simultaneously, the same 
sets are projected to the CA3. From the DG via inhib-
itory interneurons, pyramidal cells are silenced, and 
only parts of the ensembles in the CA3 that are not 
overlapping remain activated. Indeed, KO mouse 
models of this interneuron show an increase in over-
lap of CA3 ensembles (Ruediger et al., 2011). Thus 
for similar environments, ensembles in the DG are 
fused, only mapping that which is consistent across 
similar contexts, but purposefully excluding infor-
mation about details.  

If this theory were true, in the method used in this 
experiment, fused information would have been pre-
sent the DG comparing the environment seen in T2 to 
the environment in the reference memory of T1. 
Then, this ensemble would be similar for all behav-
ioural groups, as all animals are exposed twice to 
similar environments. Now it is probable that the IEG 
activity method would be insufficiently sensitive to 
detect differences in overall cell activity between the 
groups. 

In line with this, exposure to a behavioural task 
such as the y-maze substantially increases IEG posi-
tivity in the superior blade of the DG (Figure 11B) 
and the entire HPC (Miyashita et al., 2009). Even ex-
posure to the control environment of the experiment 
in this paper could thus lead to a considerable amount 
of DG cell positivity. For a follow-up study, a home 
cage control should be added to see if the behavioural 
task in itself elicits an increase in IEG cell positivity. 

 



Blades of the DG & CA3 workings 
The superior blade of the DG shows substantially 

more activation than the inferior blade (Figure 9). 
This is not surprising as Amaral et al. (2007) report a 
1.5 fold higher number of GCs in the superior blade 
of rats compared to its counterpart. Use of other IEGs 
like Arc and zif268 show a similar ratio of activation 
for both blades as seen in the results of this experi-
ment (Schmidt et al., 2012). Besides structural 
changes, the blades appear to function differently too. 
Figure 11 shows a difference between blades when 
testing for overlap of IEG activation between two 
consecutive behavioural tasks. This means that re-
mapping of GCs after being exposed to a behavioural 
task affects the superior, but not the inferior blade. 
The morphology of the DG is different than other hip-
pocampal areas. This probably aids in its functioning. 
When examining the full workings of the DG, it is 
important to recognise these details. 

A positive correlation was found between OLM 
task performance and cell activity in the CA3 (Figure 

9B). Specifically, the distal CA3 showed a correla-
tion, while the proximate end did not. Indeed, the 
dorsal CA3 appears to play a role in spatial location 
memory (Gilbert & Brushfield, 2009). Specific le-
sions of this HPC region resulted in impaired 
performance for object-place paired behavioural 
tasks (Gilbert & Kesner, 2003). As the (distal) CA3 
has been shown to perform pattern completion, re-
trieval of an OLM memory here could be indicative 
of this process. Then, more activity in the dCA3 
would result in more pattern completion, and better 
recall of the memory. 

 
Much is yet unclear about the exact role of the DG 

in PS. Ambiguity remains around the function of the 
different cell types, blades and cell ages, and the exact 
way the DG adds might add context to readily exist-
ing memories. The use of IEG has limitations, and 
results should be approached with caution. Still, these 
visualisation methods provide opportunities that are 
unreachable by single cell recordings or whole brain 
scans.
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