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Abstract: Homozygous Groggy dams, which carry a Cacna1a missense mutation, often show no interest in their 
offspring, leading to frequent offspring deaths due to lack of nurturing. The present study aimed to clarify whether 
the Cacna1a mutation contributes to impaired attachment behaviors between dam and offspring. The open field 
test showed that homozygous female rats exhibited markedly short travel distance, whereas no difference was 
found between the motor activity of heterozygous females and that of wild types (WT). A series of behavioral tests 
was performed to compare the mother–offspring relationship between WT and heterozygous rats. Performance in 
the pup retrieval test was significantly less successful in heterozygous than WT dams. During the experiment, 
heterozygous dams spent significantly less time licking and crouching than WT dams. The offspring dam-seeking 
behavior test revealed that heterozygous pups’ vocalizations were significantly less frequent and shorter than those 
of WT pups. Although no significant difference was found between WT and heterozygous offspring in the olfactory 
sense test, using a piece of chocolate, heterozygous pups took significantly longer to reach a sample of the dam’s 
bedding. Taken together, these findings suggest that the Cacna1a mutation impairs both the dam’s maternal 
behavior and the offspring’s attachment behavior toward the dam.
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Introduction

Voltage-gated calcium channels (VGCC) are a family 
of transmembrane proteins involved in calcium homeo-
stasis, gene expression, and neurotransmitter release. 
Multiple types of VGCCs have been described, both in 
the central nervous system and in the muscles and secre-
tory cells. Presynaptic Ca2+ entry occurs through VGCC 
activated by membrane depolarization, after which Ca2+ 
elevation triggers neurotransmitter release from synaptic 
vesicles. P/Q type Ca channels (Cav2.1) are highly ex-
pressed at the presynaptic membranes, specifically in 
cerebellar Purkinje cells, and play an important role in 

neurotransmitter release [12, 15].
In mice, both selective Cav2.1-knockout (Cav2.1 KO) 

and missense mutations cause cerebellar atrophy, loss of 
righting reflex, ataxia, and absence epilepsy [27]. In 
humans, the CACNA1A is a causative gene of neuro-
logical disorders, such as familial hemiplegic migraine 
type 1, episodic ataxia type 2, spinocerebellar ataxia type 
6, absence epilepsy, intellecyual deficiency, executive 
dysfunction, attention-deficit/hyperactivity disorder, and 
autism [9, 12, 23].

Homozygous Groggy (GRY) rats with the Cacna1a-
M251K mutation exhibit symptoms of ataxia and ab-
sence epilepsy [42]. Electrophysiological studies, using 
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the patch clamp technique in cerebellar Purkinje cells 
acutely isolated from homozygous GRY rats, showed 
increased current density and a depolarization shift in 
voltage-gated activation. Such electrophysiological 
changes may contribute to neurological symptoms [39]. 
When rearing GRY rats we noticed that, after delivery, 
most homozygous GRY dams showed no interest in their 
offspring, leading them to die due to lack of nurturing. 
The homozygous GRY dam did not keep the bodies of 
the surviving offspring clean in a home cage. Although 
homozygous GRY rats exhibit ataxic gait, they show no 
impairment in drinking, eating, or mating, and there is 
no difference in life-span. Ataxic gait is unlikely to con-
stitute a cause for maternal behavior impairment in the 
homozygous GRY dam. Therefore, the present study 
investigated the effect of Cacna1a mutation on the 
mother–offspring relationship using heterozygous rats 
with no motor deficits.

Materials and Methods

Animals
GRY rats [38] with an M251K-Cacna1a mutation 

were obtained from the National Bio Resource Project 
for the Rat in Japan, Kyoto University. The M251K mis-
sense mutation involves a replacement of adenine with 
thymine at the 752nd nucleotide of the Cacna1a gene, 
altering the 251st amino acid methionine (ATG) to lysine 
(AAG). This mutation is located in the pore-forming 
region through which calcium ions pass.

Genomic DNA was extracted from the rats’ tail for 
genotype confirmation. The M251K region for each rat 
was then amplified by PCR using the extracted DNA as 
template. The primers used were: 5’-TCTCT-
GTCTCCCCAGGTTTAC-3’ (Forward) and 5’-GTG-
GCTAACACACAGCTTTGC-3’ (Reverse). PCR prod-
ucts, including M251K, were digested with the restriction 
enzyme PsiI, and the genotype was identified using PCR 
restriction fragment length polymorphism (RFLP). Thus, 
the TTTTATAAG sequence of the mutant allele was 
digested with PsiI, whereas the TTTTATATG sequence 
of the WT allele was not.

The animals were kept and bred at the Institute of 
Laboratory of Animals, Graduate School of Medicine, 
Okayama University in air-conditioned rooms (24 ± 2°C) 
under a 12-h light/dark cycle and food and water ad li-
bitum. All experiments were performed according to 
protocols approved by the Institutional Animal Care and 
Use Committee of Okayama University.

Survival rate of pups
In order to evaluate the dams’ parenting ability, the 

average number of pups born and their survival rate 
(number of raised pups/number of pups born) were ob-
served for 2 weeks during the lactation period. Maternal 
genotypes were either WT, heterozygous or homozygous. 
To minimize the influence of offspring genetic factors 
on parenting behavior, mating was planned so that the 
offspring genotypes were either heterozygous or WT.

Open field test
In behavioral tests, reduced motor activity may lead 

to underestimated results. Therefore, the activity levels 
of WT, heterozygous, and homozygous female rats were 
evaluated at six weeks of age. The open field (70 × 70 × 
40 cm) was used to measure the rats’ moving distance 
over 10 min. The floor was sectioned into 16 squares, 
among which the four central ones were designated as 
the central zone and the 12 surrounding the center were 
designated as the peripheral zone. Behavioral tests were 
recorded using a video camera and analyzed using the 
behavior analysis software ANY-maze (Stoelting Co., 
Wood Dale, IL, USA).

Evaluation of maternal behavior
A. Nesting behavior: Nesting is a maternal behavior 

that ensures the safety of both dams and offspring and 
maintains the offspring’s body temperature. This behav-
ior is also observed in adults aged over 40 days for sleep-
ing and temperature regulation [3, 6, 19].

The previously reported methods were modified [3, 
6]. Nesting was observed both in WT and heterozygous 
nulliparous females at 7–8 weeks of age. Cotton fiber 
nestlets were used as nesting material (Ancare Co., Bell-
more, NY, USA) by placing nine nestlet blocks, of 5 × 
5 cm each, in the cage (38 × 22 × 20 cm). After five days, 
nestlet blocks with more than 3/4 remaining were 
weighed.

B. Pup Retrieval behavior: Nursing female rats usu-
ally collect all offspring into the nest to keep them warm 
and to feed them. In order to facilitate nursing, dams 
adopt a nursing posture, arching the back and covering 
the pups, while licking them to keep their bodies clean 
and stimulate metabolism. Until postnatal day 14, sepa-
rating the pups from the dam leads the dam to repeat-
edly retrieve them into the nest [5, 8, 31], and this be-
havior is frequently used to evaluate parenting ability.

In the present study, retrieval behavior was assessed 
on postnatal day eight by temporarily removing all off-
spring from the home cage and keeping them separated 
from the dam for five minutes. After five minutes, three 
pups were placed back into the home cage at the opposite 
end of the nest (Fig. 2C). Retrieval behavior was then 
recorded for 15 min with a video camera. The success 
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rate of retrieving all three offspring back to the nest, the 
total number of pups retrieved and the duration of lick-
ing and crouching were measured over 15 min. To 
minimize the influence of offspring factors on the dam’s 
retrieval behavior, heterozygous offspring were used for 
WT dams and WT or heterozygous offspring were used 
for heterozygous dams.

Offspring’s attachment behavior toward the dam
A. Ultrasonic vocalization (USV): When out of the 

nest or separated from the dam, rat pups will vocalize, 
stimulating maternal retrieval behavior. Vocalization is 
also known to constitute a signal for the dams to express 
fostering behavior for the premature offspring [43]. In 
the present study, the offspring’s attachment toward the 
dam was evaluated by measuring pups’ USVs [7]. To 
avoid the influence of maternal factors on offspring vo-
calizations, WT dams were used for both WT and het-
erozygous offspring. The assessment was performed on 
postnatal day 9.

When isolated from the nest or the dam, rat pups vo-
calize in the ultrasonic range of 50 to 80 kHz. The dam 
recognizes this USVand retrieves the offspring back into 
the nest. Retrieval behavior is thought to reinforce the 
offspring’s vocalization and to increase the number of 
USVs upon new separations [33].

UltraVox (Noldus Information Technology, Wagenin-
gen, Netherlands) was used to record the number and 
duration of vocalizations longer than 0.03 s, at a fre-
quency of 50 kHz for 5 min. The total process took 15 
min, comprising three 5- minutes periods (Fig. 3A). One 
pup was isolated from the home cage containing the dam 
and siblings, and 50-kHz USVs were measured for five 
minutes (Isolation 1). For the following five minutes, the 
pup was returned to the home cage. In the last five- min-
utes period, the pup was removed once more and 50 -kHz 
USVs was measured for five minutes (Isolation 2).

B. Olfactory preference test: The olfactory preference 
test was used to evaluate whether olfactory cues trigger 
exploratory behavior in the offspring [40]. The behavior 
of WT and heterozygous offspring was compared.

The previously reported methods were modified [21, 
40]. A sample of the dam’s used bedding and a sample 
of new bedding were each laid at either end of the test 
cage (8.5 × 8 × 13 cm). A ten-day old pup was placed at 
the center of the cage, and the time that it took to touch 
the wall of their dam’s bedding with the nose was re-
corded (Fig. 4A). The maximum measuring time was set 
as five minutes, after which the trial was considered as 
a failure.

C. Food localization test: The food localization test 
was performed to screen for olfactory system abnor-

malities [21, 45]. The olfaction of WT and heterozygotes 
was evaluated from 4 to 6 weeks of age. Prior to evalu-
ation, rats were fasted overnight for 16 h. The time that 
it took for the rat to find a small piece of chocolate bur-
ied under new bedding (~2.5 cm) at the middle of the 
cage (8.5 × 8 × 13 cm) was recorded.

Statistical analysis
Results are presented as mean ± SE. The success rate 

of retrieval behavior and olfactory preference test were 
analyzed using the chi-square test. The t-test was used 
for all other experiments. A level of P<0.05 was consid-
ered statistically significant.

Results

Survival rate of pups
Figure 1A shows the average number of pups born in 

each pregnancy. The average number of births (P 0) was 
10.4 ± 0.4 for WT dams (n=19) and WT offspring, 10.3 
± 0.8 for WT dams (n=5) and heterozygous offspring, 
9.1 ± 0.6 for heterozygous dams (n=7) and WT or het-
erozygous offspring, and 7.8 ± 0.5 for homozygous dams 
(n=8) and heterozygous offspring. The average number 
of pups born and their survival rate were significantly 
lower in homozygous dams with heterozygous pups than 
WT dams with heterozygous pups (*** P<0.001) (Figs. 
1A and B, respectively).

Open field Test
Figures 1C and D show the distance traveled in the 

open field and the time spent in each zone. The total 
distance traveled over 10 min was 35.7 ± 3.0 m for WT 
female rats (n=8), 34.3 ± 0.6 m for heterozygotes (n=10), 
and 0.86 ± 0.4 m for homozygotes (n=4). The homozy-
gous female rats exhibited significantly reduced total 
distance compared to WT rats (***P<0.001). No sig-
nificant difference was observed between WT and het-
erozygotes regarding the total distance traveled and time 
spent in each zone. Since the motor capacity of homo-
zygous females was significantly lower than that of WT 
and heterozygotes, subsequent behavioral tests were 
performed only in WT and heterozygotes.

Evaluation of maternal behavior
A. Nesting behavior: The use of nestlet blocks was 

observed over five days. Both WT and heterozygotes 
stacked the shredded blocks high with a hollow in center 
area (Fig. 2A). No difference was observed between WT 
and heterozygotes regarding the shape of the nest. On 
day 5, the weight of non-shredded nestlets was measured, 
revealing no significant differences between the blocks 
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used by WT (9.9 ± 1.3 g, n=12) and heterozygotes (10.8 
± 1.8 g, n=10) (Fig. 2B).

B. Pup retrieval behavior: The success rate for retriev-
ing the three pups into the nest within 15 min was 40% 
(6 out of 15 trials) for WT dams, whereas no heterozy-
gous dam succeeded in all 14 trials. The retrieval success 
rate was significantly lower in heterozygous dams (Fig. 
2D) (**P<0.01). The total number of pups retrieved was 
2.07 ± 0.3 for WT and 0.071 ± 0.07 for heterozygotes 
(***P<0.001) (Fig. 2E). Compared to WT, most hetero-
zygous dams failed to retrieve even one pup. The licking 
duration was 69.2 ± 10.8 s for WT and 22.4 ± 8.7 s for 
heterozygotes (**P<0.01) (Fig. 2F), and the crouching 
duration was 174.0 ± 62.3 s for WT and 16.3 ± 6.8 s for 
heterozygotes (*P=0.03) (Fig. 2G). Heterozygous dams 
exhibited licking and the nursing posture significantly 
less than WT dams.

Offspring’s attachment behavior toward the dam
A: Ultrasonic vocalization (USV): Figure 3B shows 

representative patterns of USV in WT and heterozygous 
offspring. For Isolation 1, the number of vocalizations 
in five minutes was 259.0 ± 27.6 for WT and 69.8 ± 11.9 

for heterozygous offspring (***P<0.001) (Fig. 3C). For 
Isolation 2, WT pups vocalized 464.8 ± 33.7 times, 
whereas heterozygotes vocalized 152.9 ± 20.9 times 
(P<0.001) (Fig. 3C). Both for Isolation 1 and 2, the num-
ber of vocalizations was significantly lower in heterozy-
gotes than WT pups. For Isolation 1, the duration per 
vocalization (1 event) was 0.071 ± 0.0021 s for WT and 
0.060 ± 0.0022 s for heterozygotes (**P<0.01). For Iso-
lation 2, the duration was 0.079 ± 0.0023 s in WT and 
0.064 ± 0.0023 s in heterozygotes (**P<0.01) (Fig. 3D). 
For both Isolation 1 and 2, heterozygotes had signifi-
cantly shorter vocalizations than WT.

B. Olfactory preference test: Within five minutes, 
96.0% (24 out of 25) of WT and 87.1% (27 out of 31) 
of heterozygous offspring reached the dam’s bedding 
(Fig. 4B). In average, WT pups (n=25) took 38.4 ± 4.0 
s to move to the dam’s bedding, whereas heterozygotes 
(n=31) took 79.4 ± 11.8 s. Heterozygotes took signifi-
cantly longer time than WT (*P=0.016) (Fig. 4C).

C. Food localization test: No significant difference was 
observed between WT (72.6 ± 7.4 s, n=22) and hetero-
zygous offspring (74.2 ± 13.2 s, n=17) regarding the time 
taken to find a piece of chocolate (P=0.89) (Fig. 4D).

Fig. 1.	 Survival rate of pups and performance in the open field. The average number of pups at birth (A) and survival rate 
of pups (B) showed significant differences between wild types (WT) dams with heterozygous pups and homozygous 
dams with heterozygous pups (B) (***P<0.001). The total distance traveled (C) and time spent in each zone (D) 
of the open field are shown. The total and peripheral distances were markedly lower in homozygous female rats as 
compared with WT (***P<0.001), but there was no significant difference between WT and the heterozygotes.
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Discussion

The number of pups born was significantly lower in 
homozygous GRY rats than in WT. Smaller litter size is 
associated with reproductive hormone disorder in homo-
zygous GRY dams or pup-killing before the number of 
pups was counted. Further examination of reproductive 
hormones is necessary to clarify these possibilities. Ul-
trasonic echo be performed to determine the number of 
pups during pregnancy. The present study revealed that 
heterozygous dams with no motor deficits show impaired 
pup retrieval behavior and shorter duration of licking 
and crouching than WT dams. Moreover, heterozygous 
offspring display fewer vocalizations to call a WT dam 
and lower preference by a WT dam’s bedding. These 
findings suggest that Cacna1a mutation may contribute 
for a tenuous dam-offspring relationship. In humans, 
CACNA1A mutations have been linked to neuropsychi-
atric disorders such as absence epilepsy, intellectual 
disability, familial hemiplegic migraine type 1, episodic 
ataxia type 2, spinocerebellar ataxia type 6, and autism 
[9, 27]. Although homozygous GRY rats are known to 
exhibit cerebellar ataxia and absence epilepsy, hetero-
zygous rats do not present with these phenotypes [39, 

42]. This study revealed that heterozygous GRY rats had 
impaired maternal behavior.

Possible causes of parenting failure in GRY dams may 
involve dysfunctions caused by certain brain lesions, or 
dysfunctional release of certain neurotransmitters. 
Cav2.1 channel coded by the CACNA1A gene regulate 
synaptic transmission in the neuronal cells of the thala-
mus, cerebellum, hippocampus, and frontal cortex [9]. 
Absence epilepsy, one of the disorders associated with 
CACANA1A mutations, involves abnormal interactions 
in the corticothalamic pathways [16, 30]. Human studies 
of parent-infant relationships based on functional mag-
netic resonance imaging (fMRI) revealed that, in healthy 
participants, the thalamus, cortex, midbrain, hypothala-
mus, striatum, and septal regions are activated when a 
baby cries [17, 25, 36]. The mother’s brain regions that 
are activated by the infant’s cue partially overlap with 
the brain regions where Cav2.1 channels express.

Hormones associated with late pregnancy and birth, 
such as progesterone, estrogen, prolactin, and oxytocin, 
act in the medial preoptic area to make pup stimuli sa-
lient to the new mother [2]. In nursing dams, pup suck-
ling promotes the secretion of the maternal neuronal 
hormone oxytocin [24, 32, 41]. The role of oxytocin has 

Fig. 2.	M aternal behavior tests. Representative pictures of nestlets used by wild types (WT) and heterozygotes at the 
start of the measurement (upper row) and the fifth day (lower row) (A). There was no significant difference 
between WT and heterozygous dams in terms of nesting behavior (B). Experimental setup of the pup re-
trieval test (C). The rate of success for retrieval of three offspring (D) and the total number of pups retrieved 
(E) were significantly lower in heterozygous than WT dams. The time spent by dams licking (F) and crouch-
ing over the pups (G) was significantly shorter in heterozygous than WT dams (WT dam: n=4, heterozygous 
offspring: n=45, heterozygous dam: n=4 heterozygous or WT offspring: n=42, *P<0.05, **P<0.01, ***P<0.001).
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been well studied. In mice, oxytocin receptor knockout 
dams show parenting failure. Decreased retrieval behav-
ior and crouching has also been reported [37]. Even in 
nulliparous female rats, administering oxytocin into the 
cerebral ventricle induces parenting behavior [26]. Cac-
na1a mutant mice are known to have synaptic release 

impairment at hippocampal glutamatergic synapses, 
which causes deficits in spatial learning and recognition 
memory [18, 22]. The hippocampus, a site of Cav2.1 
channel expression, is known to have oxytocin projec-
tions [35]. It is reported that rodent mothers display 
spatial memory and hippocampal plasticity improve-

Fig. 3.	U ltrasound vocalization (USV). Experimental setup for the USV test (A). Represen-
tative pattern of USVs in wild types (WT) and heterozygous offspring (B). The 
vertical axis represents On/Off of 50-kHz USVs. Number of vocalizations of WT and 
heterozygotes in five minutes (C). Average duration of each vocalization for WT and 
heterozygotes (D) (WT offspring: n=44, heterozygote offspring: n=39, ** P<0.01).

Fig. 4.	O lfactory preference test. Experimental setup of the olfactory preference test (A). A sample of bedding used by the 
dam and a sample of new bedding were laid at either end of the cage (8.5 × 8 × 13 cm). A ten-day old pup was 
placed at the center of the cage and the time taken to touch the wall of the dam’s bedding with the nose was re-
corded. No significant difference was found in the pups’ success rate in reaching the dam’s bedding within 300 s 
(P=0.37) (B). Time taken to touch the wall of the dam’s bedding with the nose (C) (wild types (WT) offspring: n=25, 
heterozygote offspring: n=31, *P<0.05). Time taken to find a hidden piece of chocolate (D).
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ments in association with reproduction [2, 10], suggest-
ing that rodents with Cacna1a mutations will not show 
post-delivery improvement in hippocampal plasticity.

Mutant mice with selective deletion of the P/Q chan-
nel α subunit gene Cacna1a exhibit compensated alter-
nation of N-type and T-type channels function [4, 28, 
29, 34]. Calcium channel-mediated neurotransmitter 
release influences the degree of synaptic synchronicity 
[4, 11]. These findings suggest that not only oxytocin, 
but also other mothering-related neurotransmitters, may 
be affected. Such defects may hinder the neurobiological 
network of maternal behavior.

In addition to maternal behavior abnormalities in het-
erozygous GRY dams, impaired attachment behaviors 
in offspring were also found. When separated from a WT 
dam, heterozygous offspring had significantly fewer 
USVs, which were of shorter duration, than WT off-
spring. In mice, offspring with oxytocin receptor knock-
out exhibited reduced USVs [37]. Fewer USVs in off-
spring to call dam in response to isolation is one of the 
major phenotypes of animal models for autism. CAC-
NA1A haploinsufficiency in humans causes autism [9]. 
After considereing all these evidences, we can infer that 
fewer USVs in heterozygous GRY offspring may be a 
partial indicator of autism. In this study, we did not con-
duct behavioral tests to clarify the autistic behaviors in 
GRY rats. Several behavioral tests for social interaction, 
cognitive function, and anxiety could provide an answer 
to the query in future studies.

Impaired mother–child attachment behaviors weaken 
their bond. Research on human postpartum depression 
reported that depressed mothers touched their children 
less frequently and in a less affectionate manner includ-
ing rough pulling and poking [13, 14]. When the moth-
ers act in such negative way, it may affect the develop-
ment of offspring attachment [1, 44]. Irritated, hostile, 
or less engaged behaviors from the mother may nega-
tively impact the child’s attachment system [14, 20]. 
Less interaction with the offspring involves a lower 
positive reinforcement of the child’s behavior, which 
may later lead to negative behaviors in children. Parent-
ing and offspring attachment have a mutually dependent 
relationship; thus, if either fails to return, a negative 
circuit in parent-offspring relationship may prevail. 
Without the reward of parenting, it may hinder the mo-
tivational system.

The present study had one limitation; the serum and 
brain hormone levels were not measured. Hormones such 
as oxytocin, vasopressin, dopamine, prolactin, estrogen, 
and progesterone are potential candidates for poor at-
tachment behavior in GRY rats. Further studies, includ-
ing hormone level evaluations, functional alternations 

of synaptic transmitter release, and neural networks, are 
needed to clarify the underlying mechanisms. In our 
society, the number of child abuse cases continues to 
increase, and the causes lie on undesirable pregnancies, 
vulnerability to stress, and important psychiatric disor-
ders of the mothers; 9–10% of abusive parents have 
neuropsychiatric disorders [1]. Understanding the neu-
robiological processes underlying child abuse in attach-
ment behavior may help us identify more effective 
therapeutic and preventive strategies.
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