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Abstract 

Clustered protocadherins (cPcdh) are a family of cell adhesion molecules that 

contribute to synaptic specificity and neuronal connectivity and have been implicated in cognitive 

function. cPcdh comprises 58 isoforms, classified into three subgroups: cPcdh-α, cPcdh-β, and 

cPcdh-γ. The expression patterns of these isoforms suggest a role in neural circuit organization, 

although their precise functions remain unclear. In this study, I investigated how reduced cPcdh 

α diversity affects memory function using cPcdh α1-12 mutant mice, which express only two 

variable α-isoforms. Memory function was analyzed separately for short-term and long-term 

memory using a modified Context Pre-exposure Facilitation Effect (CPFE) paradigm, with 

intervals of 2 h for short-term memory and 24 h for long-term memory. Behavioral analyses 

revealed that cPcdh α1-12 mice exhibited significant impairments in short-term memory, failing 

to discriminate the conditioned context from a novel context at the 2 h interval, while their long-

term memory at the 24 h interval remained intact. In contrast, cPcdh α1-12 mice showed no 

abnormalities in spontaneous locomotion or general exploratory behavior, indicating that their 

impairment was specific to short-term memory rather than a general deficit in motor function or 

learning ability. Furthermore, analysis of neural activity during memory recall revealed 

significantly reduced activation in the hippocampus, amygdala, and retrosplenial cortex in cPcdh 

α1-12 mice during short-term memory tasks, suggesting reduced engagement of these circuits in 



memory encoding. Finally, based on these findings, we examined whether similar regions were 

involved in short-term memory recall in wild-type mice. Analysis in wild-type mice showed that 

these same regions, including CA3, basolateral amygdala, and retrosplenial cortex, exhibited 

increased neural activity during short-term memory recall, whereas long-term memory recall did 

not show such activation patterns. These findings suggest that short-term and long-term memory 

relies on distinct neural circuits and that cPcdh α diversity is essential for the formation and 

function of circuits required for short-term memory. This study provides insights into the 

molecular and neural mechanisms underlying memory and highlights the importance of cPcdh α 

diversity in maintaining short-term memory processes.  
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General introduction 

Memory is a fundamental process that enables the storage and retrieval of experiences 

and information as needed, forming the core of cognitive function. The brain retains this 

information through complex neural networks, allowing us to recall past experiences, learn new 

skills, and adapt to changing environments. Studies have demonstrated that memory is not 

confined to a single region of the brain but is distributed across functionally interconnected areas, 

such as the hippocampus1–6, amygdala7–14, and cortex15. This distribution presents significant 

challenges in comprehensively explaining the mechanisms underlying the formation of specific 

types of memory. Furthermore, memory undergoes a transformation from a transient and unstable 

state immediately after an experience to a stable, long-term state through a series of molecular 

and cellular processes.  

In the case of fear memory, the recall process mediated by the basolateral amygdala 

(BLA) has been shown to involve hippocampus-dependent pathways for short-term memory and 

prefrontal cortex-dependent pathways for long-term memory16. This suggests that the transition 

from short-term to long-term memory occurs through functional reorganization of neural circuits. 

The processes of memory consolidation and stabilization are thought to involve changes occurring 

over seconds, days, months, and even years20. These processes include synaptic plasticity, 

reorganization of neuronal connections, and the formation of new synapses, all of which rely on 
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temporally and spatially precise molecular mechanisms.2,16–19 Findings from systems-level and 

molecular studies have indicated that memory retrieval within a few hours of learning, as opposed 

to after 24 h, may rely on distinct mechanisms across brain regions. Both pharmacological and 

genetic experimental evidence supports the view that memory retrieval around 1–3 h after 

learning is mechanistically distinct from retrieval at 24 h or later. Pharmacological blockades of 

specific hippocampal receptors impair memory at 1.5 hours, but not at 24 h21. Knockout mice 

lacking PKC-γ exhibit selective memory retention deficits between 10 min and 3 h, while long-

term memory remains intact22. While these observations support the concept of a functional 

distinction between short-term and long-term memory, the underlying biological mechanisms are 

not well understood. Understanding this distinction is essential for discovering how memory 

traces evolve over time and across neural circuits. In recent studies, advanced tools such as viral 

tracer technologies and optogenetics-based manipulation of neuronal ensembles have provided 

powerful means to elucidate these mechanisms. However, precisely identifying these processes 

across multiple brain regions and over extended time periods remains an exceptionally 

challenging task.  

In this study, I utilized a transgenic mouse model with genetic abnormalities specifically 

affecting short-term memory formation to investigate these processes. Clustered protocadherins 

(cPcdhs) are genes known to regulate synaptic specificity through their highly diversified variable 
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region exons. Previous studies have demonstrated that transgenic mice with reduced diversity in 

cPcdh expression exhibit specific deficits in short-term memory formation. Interestingly, however, 

these mice showed no abnormalities in long-term memory tasks, such as 24 h and 2 weeks fear 

conditioning, compared to wild-type mice. These findings challenge the conventional view that 

short-term memory and long-term memory are continuous processes and that intact short-term 

memory is a prerequisite for long-term memory formation, as suggested by previous studies23,24. 

I aim to conduct a detailed analysis of this transgenic mouse model, which exhibits abnormalities 

specifically in short-term memory, to gain new insights into the processes of memory stabilization 

and consolidation. Furthermore, I anticipate that our findings will provide critical evidence 

demonstrating that proper neural circuit formation mediated by clustered protocadherins (cPcdhs) 

is essential for higher-order cognitive functions that enable short-term memory. 

 

Clustered Protocadherin 

In this study, I focused on clustered protocadherins (cPcdhs), membrane proteins with 

specific cell adhesion activity. cPcdhs consist of three gene clusters, α, β, and γ, comprising 14, 

22, and 22 isoforms, respectively, and are predominantly expressed in neuronal cells25–28. Each 

isoform is preceded by a promoter region, enabling the expression of diverse combinations of 

cPcdhs through random selection of variable regions in individual neurons. This mechanism 
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imparts cell specificity29–31. Intriguingly, cPcdh proteins form cis-dimers and exhibit highly 

specific trans-homophilic adhesion activity through their extracellular domains32. In vitro studies 

have demonstrated that when five cPcdh isoforms are expressed, cell aggregation does not occur 

unless at least one isoform is identical between cells. This finding highlights the exceptionally 

high specificity of cPcdh-mediated adhesive activity33. 

 

Clustered Protocadherin alpha 

The mouse Pcdhα gene cluster comprises 14 variable exons (α1–α12, αc1, αc2). Each 

variable exon is transcribed from its own unique promoter and spliced to the constant region exons 

(CR1–CR3), which are shared by all Pcdhα genes. The expression of Pcdhα transcripts is 

governed by the genomic structure of the Pcdhα gene cluster, which plays a crucial role in 

determining the stochastic and constitutive expression patterns of variable exons. Alterations in 

the number or arrangement of variable exons within the cluster impact expression frequencies, 

yet the total expression level of Pcdhα transcripts remains stable, maintained by robust cis-

regulatory mechanisms34. These findings underscore the role of genomic architecture in Pcdhα 

regulation and suggest that structural variations may impact neural circuit formation and DNA 

methylation. 
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Context Pre-exposure Facilitation Effect (CPFE)  

The Context Pre-exposure Facilitation Effect (CPFE) is a fear conditioning paradigm which 

separates the acquisition of contextual information from its association with an aversive 

stimulus35. In this procedure, animals are first exposed to a novel context without any 

reinforcement. On a subsequent day, they receive an immediate foot shock upon re-entering the 

same context. Under typical conditions, an immediate shock does not facilitate contextual fear 

learning due to the insufficient time available for context encoding. However, when pre-

exposure occurs, robust contextual fear responses are observed, indicating that the earlier 

acquired context representation can be retrieved and associated with shock. CPFE thus provides 

a useful framework for investigating how contextual and aversive memories are encoded 

independently and integrated over time.   
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Introduction 

The brain is an extremely complex system that processes vast amounts of information, 

relying on the specific connections and coordinated interactions of billions of neurons for 

functions such as sensory integration, memory formation, and cognition. The precise formation 

of these neural circuits is essential for proper brain function, and disruptions in this process can 

lead to significant cognitive and behavioral impairments36.  

Clustered protocadherins (cPcdh) are cell adhesion molecules that mediate neuronal 

connections and are essential for synaptic specificity and neural circuit formation25,37. cPcdh 

comprise 58 isoforms, categorized into three subgroups: cPcdh α, cPcdh-β, and cPcdh-γ26. Each 

neuron expresses these isoforms in diverse combinations, forming specific synaptic connections 

through interactions between identical isoforms38–41. This molecular diversity is thought to be 

critical for the formation of neural circuits, which are essential for higher brain functions such as 

memory and cognition42,43. Thus, unraveling the complexity of neural circuit formation requires 

clarifying the role of cPcdh in synapse formation, an important topic in neuroscience. Although 

it is known that cPcdh contribute to synaptic specificity, the functional impact of reduced cPcdh 

isoform diversity on neural circuits and behavior has not been fully elucidated. To investigate the 

functional significance of cPcdh diversity, a genetically modified mouse model called cPcdh α1-

12 mice has been developed. In this model, only cPcdh-α1 and α12 of the 12 variable isoforms 
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are expressed, while two αC1 and αC2 constant isoforms are also retained31,34,44. The cPcdh-α1-

12 mice exhibit a phenotype similar to that of wild-type mice in appearance and general behavior, 

but they display deficits in certain higher brain functions, particularly in sensory integration, 

short-term visual memory, and audiovisual associative memory45,46. These impairments are 

evident in poorer task performance, emphasizing the critical role of cPcdh-α isoform diversity in 

neural circuit formation and higher brain functions.  Despite these observations, the neural 

mechanisms responsible for these deficits remain to be elucidated, highlighting the need for 

further investigation into the molecular and circuit-level changes in cPcdh-α1-12 mice. 

he aim of this study is to investigate the effects of reduced cPcdh-α diversity on the 

behavior and cognitive function of cPcdh-α1-12 mice by first conducting multiple behavioral 

experiments to comprehensively evaluate their cognitive functions. In addition, changes in neural 

activity will be observed simultaneously using neuronal activity markers to examine the 

relationship between cognitive impairments and alterations in neural activity. We hypothesize that 

reduced cPcdh-α diversity causes behavioral deficits and changes in neural activity, providing 

new insights into the molecular mechanisms related to neural circuit formation and cognitive 

functions. 
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Result 

Assessment of behavioral traits in cPcdh α1-12 mice lacking protocadherin diversity 

In this study, I assessed the behavioral traits and activity levels of cPcdh α1-12 mice in 

which α2 to α11 of the 12 clustered protocadherin α isoforms are deleted (Fig. 1a). Activity I the 

home cage was monitored over 24 h using nanotags and showed no significant differences in 

activity levels between cPcdh α1-12 mice and wild-type mice (Fig. 1b). In addition, an open-field 

test was performed to assess locomotor activity and anxiety-like behavior. The results showed no 

significant differences between the two groups in distance traveled at 5 min intervals (Fig. 1c), 

total distance traveled (Fig. 1d), and time spent in the central area (Fig. 1e). 

  



Osuka 9 

 

 

Figure 1 Behavioral assessment and activity monitoring in cPcdh α1-12 mice 

(a) Schematic of cPcdh α1-12 mice, showing the deletion of cPcdh α2 to -α11. (b) Home cage 

activity monitored over 24 h using nanotags. No significant differences in activity levels were 

detected between the two groups. (c, d, e) Open field test results: (c) distance traveled in 5 min 

intervals, (d) total distance traveled, (e) time in the central area. No significant differences 

between wild-type (n=6, male 3, female 3) and cPcdh α1-12 (n=5, male 3, female 2).   
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Short-term memory deficits in cPcdh α1-12 mice 

Previous studies have suggested that cPcdh α1-12 mice may have specific deficits in 

short-term memory compared to wild-type mice, as assessed by the T-maze task, which consists 

of visually guided and memory-guided tasks46. However, in previous studies, mice took over a 

minute to reach their destination, leading to significant variability between trials and making it 

difficult to accurately measure memory retention time. To address this problem, I minimized 

stress on the mice and retested the experiment under improved conditions. First, the mice were 

trained in a visually guided task (Fig. 2a). Wild-type mice learned to select the correct arm marked 

by a visual cue to receive a reward, and both cPcdh α1-12 and wild-type mice showed similar 

performance, reaching stable scores within 15 days. Once mice achieved a success rate of 80% or 

more higher on three separate days, they transitioned to the memory-guided task, where visual 

cues were replaced with memory-based cues, requiring them to rely on short-term memory to 

select the correct arm. Following the transition to the memory-guided task, which required short-

term memory, the performance of wild-type mice was initially suppressed to chance levels 

immediately after a task switch and gradually recovered to the performance level before the 

switch (Fig. 2b). In contrast, cPcdh α1-12 mice showed a similar initial suppression after the task 

switch, but no subsequent recovery was observed. As a result, the performance of cPcdh α1-12 

mice was significantly lower than that of wild-type mice (Fig. 2c). In addition, the time required 
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for choice selection was significantly reduced compared to previous studies, confirming that 

cPcdh α1-12 mice exhibit abnormalities in the formation of short-term memory lasting only a few 

seconds compared to wild-type mice (Fig. 2d).  
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Figure 2 T-maze performance in cPcdh α1-12 and wild-type mice 

(a) Schematic diagram of the T-maze task. Left panel illustrates the visually guided task and right 

panel illustrates the memory-guided task. (b) After task switching (x = 0), wild-type mice initially 

showed a decline in performance in both visually-guided and memory-guided tasks but 

subsequently recovered. In contrast, cPcdh α1-12 mice showed a decline specifically in the 

memory-guided task without recovery (wild-type n=4, male 2, female 2; cPcdh α1-12 n=4, male 

2, female 2). (c) Mean performance in the last five sessions (100 trials). There was no significant 

difference between groups in the visually-guided task, butcPcdh α1-12 mice showed significantly 

lower performance in the memory-guided task (**p < 0.01). (d) Time taken to reach the correct 

goal. Both groups reached the goals within a few seconds in both tasks, with no significant 

difference. Data are presented as mean ± SEM. Statistical significance was determined using 

mixed two-way ANOVA, with genotype as a between-groups factor and task as a within-groups 

factor. 
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Long-term memory retention in cPcdh α1-12 mice assessed through fear conditioning 

While short-term memory deficits have been observed in cPcdh α1-12 mice, their 

impact on long-term memory remains unexplored. Given that short-term and long-term memory 

rely on different neural circuits and molecular mechanisms, it is important to determine whether 

the observed short-term impairments extend to long-term memory. To investigate this, I used a 

fear conditioning test to assess long-term memory. On the day of the test, each mouse freely 

explored the chamber for 4 min before receiving three 2 second, 0.5 mA electric shocks at 1 min 

intervals. Each mouse was reintroduced to the same chamber 24 h or 2 weeks later for 5 min 

without shocks and freezing behaviour was measured as an index of fear memory (Fig. 3a).  (Fig. 

3a). Both cPcdh α1-12 and wild-type mice displayed high levels of freezing at both 24 h and 2 

weeks after conditioning, indicating intact long-term memory formation at both time points (Fig. 

3b).  

  



Osuka 14 

 

 

Fegure 3 Fear conditioning test in cPcdh α1-12 and wild-type mice 

(a) Schematic representation of the contextual fear conditioning test. (b) Freezing response in the 

fear conditioning test. Both wild-type (n=10, male 5, female 5) and cPcdh α1-12 (n=10, male 5, 

female 5) mice showed significant freezing at 24 h and 2 weeks, with no significant differences 

between genotypes. Three mice (male 2, female 1) were tested only at the 24 h time point. Data 

are mean ± SEM. Statistical analysis used an independent t-test for the open field test and mixed 

two-way ANOVA with genotype as a between-groups factor and interval as a within-groups factor 

for the fear conditioning test.  
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Assessment of short-term and long-term associative memory in cPcdh α1-12 mice 

The standard Context Pre-exposure Facilitation Effect (CPFE) paradigm typically uses 

a fixed 24 h interval in which the interval between context exploration (Pre-exposure) and electric 

shock (Immediate Shock, IS)35. In order to investigate memory formation across the different 

phases between short-term and long-term, I designed a modified CPFE test in which the interval 

between Pre-exposure and IS was fixed 2 and 24 h. Twenty-four hours after IS, the memory recall 

tests were administered once in the shocked context (context A) and once in another context 

(context B) (test 1, test 2). Freezing rates during Pre-exposure, test 1, and test 2 were quantified 

to assess the ability to discriminate between the two contexts (Fig. 3a). Wild-type mice exhibited 

significantly higher freezing rates in Test 1 compared to Test 2, regardless of the interval between 

Pre-exposure and IS (Fig. 3b,c). Similarly, cPcdh α1-12 mice showed significantly increased 

freezing in Test 1 compared to Test 2 at the 24 h interval. However, at the 2 h interval, cPcdh α1-

12 mice showed no significant difference between Test 1 and Test 2, suggesting impaired short-

term associative memory (Fig. 3b) . To confirm that this deficit was not due to differences in 

immediate shock responses, I measured locomotor activity immediately after IS. Both wild-type 

and cPcdh α1-12 mice showed comparable levels of activity following IS, indicating that the 

impairment in short-term associative memory is not attributable to differences in shock-induced 

locomotor responses (Fig. 4d). These results indicate that although cPcdh α1-12 mice retain 
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normal long-term associative memory, they exhibit specific impairments in short-term memory, 

which were validated within a single experimental paradigm.  
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Figure 4 Short-term and long-term associative memory in cPcdh α1-12 mice based on the 

CPFE test  

(a) Schematic of the CPFE test protocol. The interval between Pre-exposure and Immediate Shock 

(IS) was set at 24 or 2 h. Memory recall Test1 was conducted 24 h after IS, followed by Test2 in 

a different context 1.5 h later. (b-c) Freezing response results in the CPFE test (wild-type: n=8, 

male 4, female 4; cPcdh α1-12: n=8, male 4, female 4). (b) shows the test results at the 2 h interval, 

and (c) shows the results at the 24 h interval. At the 24 h interval, both wild-type and cPcdh α1-

12 mice exhibited significantly higher freezing in Test 1 than in Test 2. However, at the 2 h interval, 

cPcdh α1-12 mice showed no significant difference in freezing between Test 1 and Test 2. Data 

are presented as mean ± SEM. Statistical significance was determined using a mixed 2-way 

ANOVA, with interval (2 h vs. 24 h) as a between-groups factor and phase (Pre-exposure, Test 1, 

Test 2) as a within-groups factor.  
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c-Fos analysis of neuronal activity during memory recall in cPcdh α1-12 mice 

Previous behavioral experiments have shown that cPcdh α1-12 mice exhibit specific 

deficits in short-term memory, while their long-term memory retention remains intact. These 

results suggest that different neural circuits and molecular mechanisms may be involved in short-

term and long-term memory. To further investigate, I next analyzed neuronal activity during 

memory recall using c-Fos staining, a marker for neuronal activation, to examine which brain 

regions are associated with these memory impairments at the cellular level. Mice were sacrificed 

1.5 h after being placed in context A, and brain tissues were processed for c-Fos staining. For 

detailed analysis of neuronal activity, coronal sections were prepared along the anterior-posterior 

axis of the brain, and quantitative analyses were performed on each section. c-Fos-positive cells 

were automatically detected, and the obtained brain sections were registered with the Allen Brain 

Atlas using Serial Section Registration47,48. For each mouse, 96 coronal sections from AP 2.3 to 

AP -4.0 were analyzed to assess neuronal activity across the anterior-posterior axis (Fig. 5a). In 

tests conducted at a 2 h interval, c-Fos-positive neurons were observed in wild-type mice across 

multiple cortical and subcortical regions, including the hippocampus, prefrontal cortex, and 

basolateral amygdala, indicating that these areas are strongly involved in memory recall. These 

results were consistent with the active regions observed in conventional CPFE tests conducted 

previously49,50. In contrast, cPcdh α1-12 mice showed significantly reduced neuronal activity 
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during recall in regions such as the hippocampus (CA1, CA3), retrosplenial area (RSP), amygdala 

(MEA, BLA), and endopiriform nucleus (EP), compared to wild-type mice (Fig. 5b, d (i-v), e, 

Fig 6. a). These findings are consistent with the behavioral experiments and suggest that the 

specific impairments in short-term memory recall observed in cPcdh α1-12 mice may be caused 

at the neuronal level. Furthermore, when tested at a 24 h interval, no significant differences in c-

Fos-positive neuronal activity were observed between cPcdh α1-12 mice and wild-type mice in 

the hippocampus, prefrontal cortex, amygdala, and other mentioned brain regions (Fig. 5c, c (i’-

v’), e, Fig. 6 b). These findings indicate that while cPcdh α1-12 mice exhibit abnormal neuronal 

activity related to short-term memory, their neuronal activity during long-term memory recall 

appears to be normal. 
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Figure 5 Comparison of neuronal activity in brain regions during short-term and long-term 

memory recall in cPcdh α1-12 mice 

(a) Coronal brain sections (50 μm thick, AP 2.3 to AP -4.0) were prepared and aligned with the 

Allen Brain Atlas for c-Fos quantification. 2 h interval cPcdh α1-12 (n=5, male 3, female 2), wild-

type (n=5, male 3, female 2), 24 h interval cPcdh α1-12 (n=4, male 2, female 2), wild-type (n=4, 

male 2, female 2). Approximately 98 slices were obtained per mouse. (b) Quantification of c-Fos-

positive neurons in brain regions of cPcdh α1-12 mice and wild-type mice tested at a 24 h interval. 

The top 16 regions with the highest number of cells in wild-type mice are shown. No significant 

differences were observed between wild-type and cPcdh α1-12 mice across any of the brain 

regions. (c) Quantification of c-Fos-positive neurons in brain regions of cPcdh α1-12 and wild-

type mice tested at a 2 h interval. In cPcdh α1-12 mice, significantly fewer c-Fos-positive neurons 

were observed in the hippocampus (CA1, CA3), retrosplenial area (RSPd, RSPv), amygdala 

(MEA, BLA), and endopiriform nucleus (EP) compared to wild-type mice. Statistical significance 

is indicated by *p < 0.05. (d) Representative images of c-Fos staining observed in cPcdh α1-12 

(i'–vi') and wild-type mice (i–vi) 2 h after memory recall. (i), (i') CA3 (ii), (ii') CA1 (iii), (iii') RSP 

(iv), (iv') MEA (v), (v') BLA, EP. Scale bar = 100 μm. (e) 3D reconstruction of c-Fos-positive 

neurons. Activated neurons (green dots) are visualized in regions where cPcdh α1-12 mice 

showed significantly reduced activity, highlighting the differences in neuronal activity patterns 

between the 4 groups. Data are presented as mean ± SEM. Statistical significance was determined 

using unpaired t-test.  
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Figure 6 Spatial distribution of c-Fos-positive neurons in wild-type and cPcdh-α1-12 mice 

at 2 h and 24 h intervals 

(a) 3D reconstructions of c-Fos-positive neuronal distributions in wild-type and cPcdh-α1-12 

mice 2 h after memory recall. Each dot represents the location of a c-Fos-positive neuron, 

visualizing the distribution of activated neurons.(b) 3D reconstructions of c-Fos-positive 

neuronal distributions in wild-type and cPcdh-α1-12 mice 24 h after memory recall. Color 

coding represents different brain regions: red for the RSP, green for CA3, and blue for the CA1, 

yellow for the MEA, and purple for the BLA. The wireframe outlines denote the brain structure 

for anatomical reference. 
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Differential neural circuits involved in short-term and long-term memory recall 

In this study, cPcdh α1-12 mice showed a significant reduction in neural activity during 

short-term memory recall at the 2 h interval, whereas neural activity at the 24 h interval remained 

comparable between groups. These findings indicate that distinct neural circuits may be engaged 

during memory recall at different time intervals. To further investigate this, I compared overall 

neuronal activation across subjects and conducted a regional analysis of neuronal activity. For 

each brain region, I quantified c-Fos expression across a 500 μm anterior-posterior range. At the 

2 h interval, cPcdh α1-12 mice exhibited significantly reduced neuronal activity, confirming 

significant reductions in these regions. Neuronal activity in CA3, BLA, and RSP was significantly 

elevated during short-term memory recall compared to long-term recall (Fig. 7a-c), whereas 

neuronal activity remained unchanged in CA1, MEA, and EP (Fig. 7d-f). In contrast, cPcdh α1-

12 mice exhibited a reversed pattern, with significantly lower neuronal activity across all six 

regions at the 2 h interval relative to the 24 h interval. These results indicate that CA3, BLA, and 

RSP are crucial for short-term memory recall and that their reduced neuronal activity in cPcdh 

α1-12 mice reflects dysfunction in short-term memory-related neural circuits. 
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Figure 7 Slice comparison of neural activity at 2 h and 24 h in wild-type and cPcdh α1-12 

mice 

c-Fos expression in six brain regions in wild-type and cPcdh α1-12 mice. (a) CA3, (b) BLA, (c) 

RSP, (d) CA1, (e) MEA, and (f) EP. Each point on the bar graph represents the mean value of c-

Fos-positive neurons from corresponding sections on the same Atlas. 2 h interval: cPcdh α1-12 

(n = 5, male 3, female 2), wild-type (n = 5, male 3, female 2). 24 h interval: cPcdh α1-12 (n = 4, 

male 2, female 2), wild-type (n = 4, male 2, female 2). For each region, 10 coronal sections (50 

μm thick) were analyzed. Data are presented as mean ± SEM. Statistical significance was 

determined using a mixed 2-way ANOVA, with genotype as a between-groups factor and interval 

(2 h vs. 24 h) as a within-groups factor. 
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Discussion 

cPcdh α1-12 mice exhibit short-term memory deficits but retain normal long-term 

memory. 

In this study, I conducted a detailed analysis of how the diversity of cPcdh α affects 

short-term and long-term memory. The results indicated that while cPcdh α1-12 mice exhibited 

deficits in short-term memory, long-term memory was not significantly affected. Specifically, in 

the T-maze task and CPFE test, cPcdh α1-12 mice performed significantly worse than wild-type 

mice in tasks requiring short-term memory, demonstrating difficulties in retaining information for 

short periods and distinguishing contexts. While there is some concern that genetic background 

differences may have influenced these phenotypes, cPcdh α1-12 mice were generated on a 

C57BL/6 background34 and maintained as a separate colony from control C57BL/6J mice in the 

same room under identical environmental conditions. These findings suggest that the molecular 

diversity of cPcdh α plays a crucial role in the formation and function of neural circuits.  

2 h interval is commonly employed in the study of short-term memory in rodents21,22. 

However, interpreting the results requires careful consideration. Firstly, while the 2 h interval is 

generally considered to involve short-term memory, some studies suggest that it may also 

encompass processes distinct from those involved in very short-term memory, which lasts less 

than one hour, or long-term memory, which lasts more than one day. Therefore, the reduced 
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freezing observed in cPcdh α1-12 mice in the two-hour condition may indicate an issue with the 

formation of short-term or intermediate memory. Secondly, this study did not control the time of 

day. Many reports have shown that memory performance and hippocampal function can change 

depending on the internal circadian phase51. The state of the internal clock at the time of context 

exposure, shock or testing may have influenced memory processing in the two conditions. Thirdly, 

in our CPFE design, we varied the time between exposure to the context and the shock in order 

to test for differences in memory formation. However, behavioral tests were conducted twenty-

four hours after the shock for both groups. Consequently, the freezing responses reflect memories 

retained for a full day in both cases. The lower freezing response observed in the two-hour group 

does not simply indicate a failure of short-term memory. Instead, it may indicate an inability to 

establish a strong association that could be recalled the following day. Although the two-hour 

interval likely involved short-term memory processes at the time of the shock, the behavior we 

measured depended on long-term retention. Our findings suggest that short-term associative 

memory formation is impaired in cPcdh α1-12 mice, but further studies are needed to distinguish 

clearly between early memory formation and later memory retention. Finally, sleep may have 

influenced the results. The twenty-four-hour condition probably included multiple sleep periods, 

whereas the two-hour condition allowed less time for sleep. However, short sleep episodes may 

still have occurred in both groups. Nevertheless, short sleep episodes may still have occurred in 
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both groups. Since sleep is known to stabilize and reorganize memories, differences in sleep 

exposure may have contributed to the differences in memory performance between the two 

conditions. 

Short-term memory deficits and neural activity patterns 

Short-term memory deficits were further corroborated by analyses of neuronal activity 

using c-Fos staining. In conditions requiring short-term memory, cPcdh α1-12 mice showed 

significantly reduced neuronal activity in brain regions such as the hippocampus, amygdala, and 

retrosplenial cortex. In contrast, in tests conducted 24 h later, no significant differences in 

neuronal activity were observed between cPcdh α1-12 mice and wild-type mice, indicating that 

normal neural activity was maintained in long-term memory. This reduction in neuronal activity 

during short-term memory tasks aligns with the observed behavioral deficits and provides further 

evidence of direct impairments in cellular activity in cPcdh α1-12 mice. The hippocampus, 

amygdala, and retrosplenial cortex each play distinct but interconnected roles in memory 

processing: the hippocampus is involved in encoding and retrieving episodic memory1–6. the 

amygdala contributes to emotional and associative memory7,9,13, and the retrosplenial cortex 

integrates spatial and contextual information15. These regions are interconnected through neural 

circuits, functioning in a coordinated manner to support memory retention2,20,52. These findings 

strongly support the idea that the reduced neuronal activity observed in cPcdh α1-12 mice reflects 
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not just localized dysfunction but a disruption in circuit-wide coordination. The short-term 

memory deficits are likely driven by direct impairments in cellular function. 

Molecular mechanisms underlying short-term memory deficits in cPcdh α1-12 mice 

The observation that cPcdh α1-12 mice exhibit impairments in short-term memory 

while retaining normal long-term memory suggests that short-term and long-term memories are 

not merely sequential stages of a unified process but instead rely on partially independent 

molecular pathways. This distinction between short-term and long-term memories is further 

supported by findings from multiple levels of analysis, as knockout mice lacking PKC-gamma , 

which regulates critical aspects of synaptic plasticity and memory, or brevican , a major 

component of perineuronal nets that stabilizes synaptic connections and modulates neural 

plasticity, also exhibit selective impairments in short-term memory22,53. Additionally, 

pharmacological studies have demonstrated that inhibition of specific hippocampal receptors 

selectively disrupts short-term memory while sparing long-term memory21, reinforcing the notion 

that distinct molecular mechanisms govern these processes. Together, these findings consistently 

support the functional separation of short-term and long-term memories across engram, synaptic, 

and pharmacological levels. In this study, neuronal activity in the hippocampal CA3, BLA, and 

RSP of wild-type mice significantly increased during memory recall at a 2 h-interval, suggesting 

that these regions play a key role in short-term memory retention. These results also support the 
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idea that, while short-term and long-term memory share neural circuits, they depend on distinct 

molecular mechanisms.  

Clustered protocadherins, including those in the cPcdh α family, have been identified as 

cell adhesion molecules localized at synaptic junctions, where they contribute to synapse 

formation and stabilization25. Synaptic modifications that support short-term memory heavily 

depend on the regulation of cell adhesion molecules, which mediate synapse formation and 

structural remodeling in response to neuronal activity. Notably, adhesion molecules such as 

NCAM and FasII have been shown to be associated with synaptic plasticity and transient synaptic 

modifications and are specifically involved in processes related to short-term memory. 21,54–57. A 

potential explanation for the short-term memory deficits in cPcdh α1-12 mice is that cPcdhs, as 

cell adhesion molecules, play a key role in regulating synaptic remodeling. On the other hand, the 

molecular diversity of cPcdhs has been shown to contribute to self-avoidance during dendritic 

synapse formation58,59 and is also considered essential for the formation of specific neural circuits 

between different neurons60,61. These findings suggest that the reduced molecular diversity of 

cPcdh α disrupts the specificity of cPcdh-dependent synaptic formation, potentially impairing the 

formation of specialized neural circuits required for short-term memory in cPcdh α1-12 mice.  

Role of cPcdh α diversity in neural circuit formation  
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Previous research has shown that the molecular diversity of cPcdh contributes to the 

formation of neural circuits and the specificity of intercellular adhesion. This study newly 

demonstrates that this diversity is critical for the function of neural circuits, particularly in short-

term memory formation. Because cPcdh α1-12 mice lack cPcdh α diversity, specific interactions 

within neural circuit connectivity may be limited, resulting in short-term memory impairments. 

This finding suggests that specific neural circuits are vital for short-term information retention 

and that the diversity of cPcdh α is essential for their formation. 

Additionally, given that cPcdhs contribute to neural circuit formation, their dysfunction has been 

implicated in neurodevelopmental and neuropsychiatric disorders62–66. Mutations in cPcdh genes 

have been linked to autism spectrum disorder67 and schizophrenia68–70, both of which involve 

cognitive and memory deficits. The findings of this study suggest that the loss of cPcdh α diversity 

impairs synaptic plasticity and memory retention, potentially providing insights into how 

protocadherin dysfunction contributes to cognitive impairments in these disorders. Investigating 

the role of cPcdh α diversity in synaptic plasticity across different brain regions may further 

elucidate its contributions to neurodevelopmental conditions. 
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Material and methods 

Animal experiments 

All the experimental procedures were in accordance with the Guide for the Care and 

Use of Laboratory Animals of the Science Council of Japan and were approved by the Animal 

Experiment Committee of Osaka University. After the experiments, mice were anaesthetized with 

isoflurane to ensure minimal distress. Euthanasia was performed by cervical dislocation, in 

compliance with institutional animal care and use guidelines. All procedures adhered to the 

ARRIVE guidelines. 

 

Animal Model Preparation 

All experiments used C57BL/6 mice and cPcdh α1-12 mice (BRC No. RBRC02798), 

which were generated and characterized according to the method described previous research71. 

They were from our own breeding stock and housed in groups of 5 – 8 mice per cage.  The mice 

used in the experiments were 2 to 4 months old, including both male and female animals. The 

animals were housed at a temperature of 23 ± 1°C with 50% ± 10% relative humidity under a 12 

h light/dark cycle (lights on at 8:00 a.m., lights off at 8:00 p.m.). Prior to the experiments, all mice 

were handled for 5 min per day and transitioned to individual housing starting three days before 

the experiments to acclimate them to the experimental environment. Prior to the experiments, all 
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mice were handled for 5 min per day to minimize handling stress. Mice were transitioned to 

individual housing starting three days before the experiments for the following reasons. This 

approach aimed to minimize the influence of social interactions with other mice on c-Fos 

expression and to reduce variability among individuals caused by such interactions. 

 

Behavioral Experiments 

  The activity levels of individually housed mice in their home cages were measured 

using an implantable nanotag (Kissei Comtec Co., Tokyo, Japan). This device includes a triaxial 

accelerometer that continuously detects animal movement without restraining the subject. In this 

study, the manufacturer’s recommended threshold settings were used with a recording interval of 

5 min. Each mouse was monitored for 14 days, and the activity levels of wild-type mice (n = 2) 

and cPcdh α1-12 mice (n = 2) were compared. 

The open field test was conducted to evaluate spontaneous locomotor activity and 

anxiety-like behavior in mice. Testing was carried out in a white acrylic open field box (50 cm × 

50 cm × 40 cm) cleaned with 70% ethanol between trials to minimize odor cues. Each mouse was 

placed in the center of the box and allowed to explore freely for 60 min. Mouse behavior was 

recorded by an overhead video camera at 30 frames per second, and the time spent in the central 

area and total distance traveled was used as assessment metrics. An increase in time spent in the 
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center was used as an indicator of reduced anxiety, while the total distance traveled was used as 

an indicator of spontaneous locomotor activity. Mouse movements were analyzed using 

DeepLabCut, a deep-learning-based markerless tracking tool 72. The nose tip, right ear, left ear, 

and tail base were tracked to calculate movement trajectories. The central area was defined as the 

inner 25 cm × 25 cm square, and the time spent in this area was calculated as a percentage of the 

total exploration time. The total distance traveled was computed by summing the displacement of 

the tracked points frame by frame. All analyses were conducted using MATLAB software. 

The contextual fear conditioning test was conducted to evaluate fear memory in mice. 

Testing was carried out in a conditioning chamber measuring 30 cm × 24 cm × 21 cm, equipped 

with a stainless-steel grid floor for administering electric shocks. The chamber was cleaned with 

70% ethanol between trials to minimize odor cues. Additionally, the chamber was placed inside a 

soundproof box (51 × 51 × 34 cm) with dim lighting. In this between-subjects design, each mouse 

was placed in the chamber on the test day and allowed to explore freely for 4 min, followed by 

three 2 sec electric shocks of 0.5 mA, administered at 1 min intervals. After 24 h or 2 weeks, each 

mouse was reintroduced to the same chamber for 5 min without electric shocks, and the 

percentage of freezing responses was recorded as an index of fear memory. Freezing was defined 

as the state in which each of the four tracked points remained within a 0.8 cm radius for a 

minimum of 2 sec. The freezing percentage was calculated using MATLAB. Automated 
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measurements were validated by comparison with manual visual scoring, confirming no 

significant differences between the two methods. 

 CPFE test was conducted to assess the formation of contextual memory. Testing was 

conducted in a conditioning chamber measuring 30 cm × 24 cm × 21 cm, with two distinct 

contexts, context A and context B. In context A, a square tube (19.8 × 19.8 × 21 cm) covered with 

paper was used, while in context B, an acrylic cylindrical tube (22 cm diameter, 21 cm height) 

was set up. The chamber was cleaned with 70% ethanol between trials to minimize odor cues. On 

the day before the test, each mouse was pre-exposed to context A for 5 min. Two or twenty-four 

h after pre-exposure, each mouse was reintroduced to the chamber, and a 0.5 mA electric shock 

(2 sec) was administered 5 sec after placement. After 1 min, each mouse was removed from the 

chamber. Twenty-four h after conditioning, each mouse was placed in context A for 5 min and 

allowed to move freely, followed by a 5 min placement in context B 1.5 h later. Freezing responses 

were recorded as an index of contextual memory. 

 T-maze test was conducted to assess short-term memory of visuospatial information. 

The T-maze was constructed from black plastic with arms measuring 30 cm wide, 100 cm long, 

10 cm high, and with a passage width of 5 cm. White plastic cues (5 cm width × 10 cm height) 

were placed either at the choice point or 10 cm from the starting point. Training and testing began 

when mice were 2 months old. Each correct trial was rewarded with 50 μl of a 5% glucose solution, 
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while in incorrect trials, the mice were reintroduced to the correct arm. Trials were terminated if 

a mouse failed to choose an arm within 4 min of placement in the maze. Each mouse performed 

20 trials per day and consumed 1 mL of the 5% glucose solution per session. To maintain 

motivation for the reward, mice were housed under intermittent water restriction. The first session 

began two days after the start of water deprivation, and mice were trained for a maximum of five 

consecutive days before water deprivation was discontinued. The training duration varied among 

mice to ensure that their body weight was maintained at approximately 85% of their pre-

deprivation weight while allowing for normal body growth throughout the intermittent water 

deprivation period. Adjustments in training duration were made as needed to balance effective 

task learning with maintaining the health and well-being of the animals. 

Tissue Preparation and acquisition of serial sections 

Mice were anaesthetized with isoflurane, perfused transcardially first with 25 mm PBS and then 

with 4% paraformaldehyde (PFA) in PB (pH 7.3). The brains, removed from the skull, were stored 

in PFA at 4°C overnight, then transferred to 25 mm PBS with 30% sucrose and kept at 4°C 

overnight. Brains were embedded in a cryomold (Tissue-Tek) with the cortex facing upwards, 

using a mixture of OCT compound (Tissue-Tek) and 30% sucrose at a 2:1 ratio. The samples were 

frozen in isopentane cooled with liquid nitrogen and sectioned coronally at 50 µm thickness using 

a cryostat (CM3050S, Leica).  
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Immunohistochemistry 

Sections were washed with 25 mM PBS, and a blocking solution (500 μl per well) was applied 

for 1 h at room temperature to prevent non-specific binding. Sections were then incubated 

overnight at 4°C with a 1:1000 dilution of the primary antibody (rabbit anti-c-Fos, Cell Signaling 

Technology) in blocking solution. After washing with 25 mM PBS, sections were incubated with 

a 1:1000 dilution of the secondary antibody (AlexaFluor488, Invitrogen) in PBS with 0.1% Triton 

X-100 for 2 h at room temperature. Following the secondary antibody incubation, the plate was 

shielded from light with aluminum foil. Sections were then washed in 25 mM PBS, mounted on 

glass slides (MAS-01, MATSUNAMI), covered with antifade mounting medium (Immunoselect 

Antifading Mounting Medium, dianovaTM), and sealed with nail polish. 

Cell Counting 

The localization and number of cells were quantified semi-automatically using MATLAB. c-Fos-

positive cells were defined as bright spots with a radius of 3-4 pixels and a brightness above a 

threshold that matched visual counting in randomly selected images with an agreement of 95% 

or more. Images were deformed to align 40-60 landmark points on each section to account for 

shifts due to section distortion or damage, thereby ensuring precise cell localization based on the 

Allen Mouse Brain Common Coordinate Framework (CCFv3)47,48. 

Data Analysis 
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GraphPad Prism was used for data analysis. All graphs present data as mean ± SEM, and statistical 

significance was set at *p < 0.05, **p < 0.01 , ***p < 0.001, ***p < 0.0001. 
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