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Abstract
Maternal stress has debilitating implications for both mother and child, including increased risk for anxiety. The current
COVID-19 pandemic escalates these phenomena, thus, urging the need to further explore and validate feasible
therapeutic options. Unlike the protracted nature of clinical studies, animal models could offer swift evidence.
Prominent candidates for treatment are selective serotonin reuptake inhibitors (SSRIs) to the mother, that putatively
accommodate maternal functioning, and, thereby, also protect the child. However, SSRIs might have deleterious
effects. It is important to assess whether SSRIs and other pharmacotherapies can moderate the transference of anxiety
by soothing maternal anxiety and to examine the extent of offspring’s exposure to the drugs via lactation. To our
knowledge, the possibility that antenatal stress exacerbates lactation-driven exposure to SSRIs has not been tested yet.
Thirty ICR-outbred female mice were exposed to stress during gestation and subsequently administered with either
the SSRI, escitalopram, or the novel herbal candidate, shan-zha, during lactation. Upon weaning, both dams’ and pups’
anxiety-like behavior and serum escitalopram levels were assessed. The major findings of the current study show that
both agents moderated the antenatal stress-induced transgenerational transference of anxiety by ameliorating dams’
anxiety. Interestingly though, pups’ exposure to escitalopram via lactation was exacerbated by antenatal stress. The
latter finding provides a significant insight into the mechanism of lactation-driven exposure to xenobiotics and calls
for a further consideration vis-à-vis the administration of other drugs during breastfeeding.

Introduction
Maternal anxiety and stress have detrimental implica-

tions for both mother and child. The peripartum period is
a vulnerable period for maternal anxiety disorders1,2, with
a recent meta-analysis reporting on the disquieting global
prevalence estimate of 18%3. Unfortunately, the current
global COVID-19 pandemic escalates these phenomena—
as anxiety and stress soar in the general population4, and
specifically during peripartum5. Taken together, these
urgently call for evidence that will promote effective and
safe therapeutic strategies.

It is first important to consider the mechanism by which
maternal stress impinges offspring’s development. Pre-
vious studies indicated that stress during gestation is a
focal risk factor for postpartum maternal anxiety6,7. Fur-
ther, antenatal stress was associated with increased risk for
physical and mental impairments to the child8–10,
including increased susceptibility to anxiety disorders11–13.
Preclinical studies demonstrated a triggering of an anxiety-
like phenotype in adult offspring of dams that were sub-
jected to stress during gestation14–17. It remains to be
elucidated whether antenatal stress triggers the transge-
nerational transference of anxiety from dams to pups by
altering maternal anxiety in ways that affect the offspring
and what could ameliorate the trans-pathogenic course
during this critical time.
Several accounts suggested that through the paternal line,

epigenetic means of transference could involve alterations

© The Author(s) 2021
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Ravid Doron (raviddo@openu.ac.il)
1Department of Psychology, Bar Ilan University, Ramat Gan, Israel
2School of Behavioral Science, The Academic College of Tel Aviv-Yaffo, Tel
Aviv-Yaffo, Israel
Full list of author information is available at the end of the article
These authors contributed equally: Or Burstein, Noam Simon.

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

http://orcid.org/0000-0003-2638-8018
http://orcid.org/0000-0003-2638-8018
http://orcid.org/0000-0003-2638-8018
http://orcid.org/0000-0003-2638-8018
http://orcid.org/0000-0003-2638-8018
http://orcid.org/0000-0003-0954-3856
http://orcid.org/0000-0003-0954-3856
http://orcid.org/0000-0003-0954-3856
http://orcid.org/0000-0003-0954-3856
http://orcid.org/0000-0003-0954-3856
http://orcid.org/0000-0002-6523-9886
http://orcid.org/0000-0002-6523-9886
http://orcid.org/0000-0002-6523-9886
http://orcid.org/0000-0002-6523-9886
http://orcid.org/0000-0002-6523-9886
http://creativecommons.org/licenses/by/4.0/
mailto:raviddo@openu.ac.il


in DNA methylation18 and deficiencies in microRNAs
expression19. Experiments in rodents demonstrated that
maternal care had a lasting impact on the expression of
corticosteroids-related genes in the offspring, that were also
associated with anxiety-like behaviors20,21. Similar patterns
were observed in humans, suggesting that antenatal stress
has a persistent and debilitating effect on children’s reac-
tivity of the hypothalamic–pituitary–adrenal (HPA) axis,
and mental health outcomes22–24. More specifically, both
maternal ante- and postnatal anxiety strongly predicted
child anxiety23. These accentuate the focal role of maternal
anxiety in the pathogenesis of pediatric anxiety disorders. It
has been suggested that maternal transference of anxiety is
mediated through the effect of antenatal stress on maternal
functioning25,26. However, the previous studies did not
include a statistical method for assessing this mediation
hypothesis. One of the major aims of the current treatise is
to address this gap in the literature.
The prominent therapeutic candidates for postpartum

anxiety are selective serotonin reuptake inhibitors (SSRIs).
Their utilization has increased rapidly in recent dec-
ades27,28, including a prescription spike during the current
pandemic29. Escitalopram, the S-enantiomer of the SSRI
citalopram, is one of the most commonly prescribed drugs
for anxiety and depression30,31, and is used by women
during pregnancy and postpartum while breastfeeding32,33.
Overall, the administration of escitalopram and other
SSRIs could accommodate maternal functioning, thereby,
promoting child development. However, SSRIs (including
escitalopram) are excreted to some degree into the
breastmilk34, which results in an inevitable (albeit, non-
robust) infant exposure35–37. Serotonin plays a cardinal
neurodevelopmental role; it promotes neural proliferation,
migration, and differentiation, and decreases apoptosis38.
Fluctuations in serotonergic activity during primal devel-
opmental stages might lead to long-term neural deficits
and psychopathological manifestations such as anxiety,
which were also observed as a sequela of fetal and neonatal
SSRI exposure39–41. There is an ongoing debate vis-à-vis
the utilization of SSRIs during breastfeeding42,43. This
debate prompts the importance of understanding the
biological grounds enabling their entry to the milk.
Myriad maternal-, infant-, and drug-related factors

determine the extent to which xenobiotic agents enter the
milk44,45. One port of entry is contingent on changes in
the permeability of the tight junctions of the mammary
glands, which fasten the epithelial cells together46. This
issue is further accentuated by the critical phases for the
fastening of the epithelium during mid-to-late gestation,
which could be compromised by stress47 and maternal
anxiety48,49. Such a compromise might widen the passage
for xenobiotics into the milk49. To our knowledge, the
possibility that antenatal stress exacerbates offspring’s
SSRI exposure via lactation has not been tested yet.

Further, the ambiguity regarding peripartum SSRIs
utilization is accompanied by increased interest in alter-
native and herbal medications50–52 that could broaden the
therapeutic options. In recent years our group has studied
a novel herbal treatment (NHT) comprised of four equal
constituents (i.e., Crataegus pinnatifida, Triticum aestivu,
Lilium brownie, and Fructus zizyphi jujubae). We
demonstrated that NHT had anxiolytic-53 and
antidepressant-like54,55 effects, comparable to these of the
highly utilized SSRI escitalopram31,32. Exploratory studies
conducted in our lab suggested that the therapeutic
effects of NHT may be attributed solely to Crataegus
pinnatifida Bge. (known in Chinese as shan-zha). Hence,
examining the effects of shan-zha on maternal anxiety and
offspring’s developmental outcomes could offer a novel
solution for peripartum psychopathologies.
In the present study, we explored the effect of antenatal

stress on anxiety-like behavior in mice upon weaning. We
examined whether dams’ treatment with escitalopram or
herbal treatment with shan-zha will prevent the transge-
nerational transference of anxiety and whether these
effects are obtained through modifications of dams’
anxiety. A further aim of the study was to assess whether
antenatal stress exacerbates lactation-driven exposure to
escitalopram.

Materials and Methods
Animals
Female (n= 30) and male (n= 5) ICR-outbred mice

(100 days old; Envigo RMS, Jerusalem, Israel) were housed
at 22 ± 1 °C under 12 h light/dark cycles in the vivarium of
the Open University. Mice had ad libitum access to rodent
chow and water and were housed in standard cages with a
bed of woodchips and a piece of cotton wool for enrich-
ment56. All experiments were performed during the dark
phase of the cycle. Male mice were used to father pups
and were housed apart (five per cage) from females until
mating. Female mice (three per cage) had a week of
acclimation and coordination of the estrus cycle in the
home cage and then were assigned for a mating cage (two
females and one male per cage). Once a vaginal plug was
identified, the females were transferred to a separate cage
until parturition. Overall, 332 pups were delivered of
which 221 (male: n= 123; female: n= 98) were randomly
designated for this study. Unassessed pups were main-
tained with littermates to avoid additional stress and
ensure similar conditions. Equal proportions of mice were
utilized per litter to avoid litter effects. Sample sizes were
opted based on a previous study of transgenerational
effects in rodents57. All experiments were approved by the
Academic College of Tel Aviv-Yaffo Committee for Ani-
mal Care and Use. Experiments were carried out in
accordance with the NIH guidelines58, and efforts were
made to minimize animal suffering.
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Stressor
On gestational day (GD) 15, dams were randomly

assigned to either the stress (n= 15) or control (n= 15)
group. Dams in the stress group were individually
restrained daily in transparent plastic cylinders (30 mm
diameter) under bright light (650 lux) three times a day,
for 45 min until parturition59,60. Control dams were kept
undisturbed in their home cages during gestation.

Pharmacological agents
On postnatal day (PND) 1, dams were randomly

assigned to one of three treatment groups: escitalopram
(15 mg/kg), shan-zha (15 mg/kg), or control (saline).
Drugs were administered daily via dorsum subcutaneous
injection (to mitigate possible damage to the mammary
glands that could be caused by intraperitoneal injection)
until PND 21 when the period of rapid brain growth in
mice is due to cease61. Escitalopram was kindly donated
by Teva Ltd. (Petah-Tikva, Israel). Shan-zha was pur-
chased from KPC Products (Irvine, CA, USA) as freeze-
dried granules of the fruit. Drugs were dissolved in 1%
dimethyl sulfoxide (DMSO) saline. This is the first
assessment on the effects of chronic treatments with
escitalopram and shan-zha to lactating mice dams.
Therefore, doses were opted based on our previous stu-
dies with male ICR mice55,62, a previous report on esci-
talopram treatment to rat dams during gestation, and
until PND 263 and a pilot study, we conducted at our lab.

Elevated plus maze (EPM)
The EPM consists of a plus maze with two black plastic

closed arms and two opposite black open arms (64 cm long
and 5 cm wide). The apparatus was situated 40 cm above
the ground. Mice were individually placed in the center of
the maze; their behavior was video recorded for 5min and
later automatically coded using the Viewer software
(Biobserve GmbH, Bonn, Germany). The maze was thor-
oughly cleaned between sessions. Anxiety-like behavior
was expressed as the percentage of time the mouse spent in
the open and unprotected arms of the maze (i.e., open
time/[open+ enclosed time]), as previously described64.

[3H]citalopram binding assay
Following behavioral assessments on PND 21 dams and

pups’ blood samples were obtained from the facial vein
into EDTA-coated tubes.
Assays were conducted by an experimenter who was

blind to the animals’ group. Blood samples were cen-
trifuged (6000×g; 4 °C) for 10min and then the serum was
separated and collected. To examine the presence of
escitalopram in the serum, a high affinity [3H]citalopram
binding assay was used55. A different set of naïve mice
were decapitated and their brains were dissected on ice.
The frontal cortices of the mice were disrupted with

Brinkman polytron in 50 vol of ice-cold buffer (50 mM
Tris-HCl, 120 mM NaCl, and 5mM KCl; pH 7.4) and
centrifuged (30,000×g) for 10min (× 3). The pellet was
resuspended in the same buffer to yield a final con-
centration of 30mg/ml (wet weight). [3H]citalopram
binding was determined by a standard binding assay that
contained 50 μl of brain homogenate, 50 μl [3H]citalopram
(0.5 nM; PerkinElmer Life Sciences, Boston, MA, USA),
and 150 μl buffer. Serum escitalopram effect on [3H]cita-
lopram binding was determined by replacing 25 μl of the
buffer with 25 μl of the examined serum. After a 60min
incubation period at room temperature, the samples were
washed with 3ml ice-cold buffer (× 3) and filtered with
vacuum through Whatman Glass microfiber filters GF/C
(GE Healthcare Life Sciences, Chicago, IL, USA). The
radioactivity was measured in a Tri-Carb 2100TR liquid
scintillation counter (Packard). Specific binding was
defined as the difference between total [3H]citalopram
binding and the non-specific binding in the presence of
10 μM fluvoxamine (Sigma-Aldrich Ltd., Israel).
Essentially, the [3H]citalopram binding assay examined the

percentage of the serotonin transporter (SERT) that was free
to bind the radioactive ligand in the homogenate, as mea-
sured by β-counter. This percentage is an inverse measure of
the serum escitalopram concentration since escitalopram
competes with [3H]citalopram on its binding sites. Thus, a
lower concentration of SERT free to bind the radioactive
ligand would indicate a higher concentration of escitalopram.

Study design
Pregnant ICR-outbred dams were subjected to restrain

stress (45 min; three times a day) from GD 15 until par-
turition. Following parturition, dams were examined for
anxiety-like behavior (i.e., the percentage of time spent in
the open arms of the maze in the EPM). Subsequently,
lactating dams were treated with escitalopram (15mg/kg),
shan-zha (15 mg/kg), or saline for 3 weeks. On PND 21,
dams and pups were evaluated for anxiety-like behavior.
Finally, biochemical assessments weighed escitalopram
concentrations in the serum in dams and pups (see Fig. 1).

Statistical analysis
Results are expressed as mean ± SEM. Data were ana-

lyzed using independent samples t-tests and two-way
ANOVAs as indicated, after verification that the
assumption of the equality of variances between groups
was met. The ANOVA was followed by Sidak post hoc
analyses, except for the SERT binding that was followed
by a Dunnett post hoc analysis (with escitalopram as the
control). Significance was assumed as p < 0.05.
Conditional process analyses were conducted using the

PROCESS macro65 for SPSS 23 (IBM, USA). This macro
enables to probe hypotheses of moderated mediation, in
which the effect of antecedents on outcome variables
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through mediators is conceived to be contingent on the
presence of a moderator65. Indices for moderated med-
iation were generated, using bias-corrected 95% bootstrap
confidence intervals (CIs) with 10,000 resamples. The
conditional indirect effect is considered significant if the
bootstrap CI does not straddle zero. PROCESS models 7
and 14 were utilized to assess whether the mediation of
the effect of antenatal stress to dams on pups’ anxiety-like
behavior by dams’ anxiety-like behavior on either PND 1
or PND 21 is moderated by dams’ treatment with either
escitalopram or shan-zha66. Model 14 was also utilized to
assess whether the mediation of the effect of dams’
treatment with escitalopram on pups’ serum escitalopram
levels by dams’ serum escitalopram levels, is moderated by
antenatal stress (i.e., that antenatal stress exacerbates the
transmission of escitalopram from dams to pups via lac-
tation). See Fig. 2 for a graphical depiction of the hypo-
thesized moderated mediation models.

Results
Dams
Preliminary analyses were conducted to ascertain that the

stress procedure did not cause major physical impairments
to dams. The analyses assessed the effects of antenatal
stress on litter size, locomotor activity, and weight; and are

shown in Fig. S1 in the Supplement. These analyses indi-
cated that the stress procedure did not cause physical
damage, and, therefore, such an adverse effect is less likely
to have served as an alternative explanation to the findings.
Exposure to antenatal stress-induced an anxiety-like

phenotype in dams on PND 1 (t(28)= 4.44, p= 0.0001;
Fig. 3A). Analysis of anxiety-like behavior on PND 21
revealed a significant stress × treatment interaction effect
(F(2,24)= 6.96, p= 0.004; Fig. 3B). Post hoc analysis revealed
that stress had a durable effect on dams’ anxiety-like
behavior (p= 0.014). However, chronic treatments with
either escitalopram or shan-zha ameliorated the antenatal
stress-induced deficits (p < 0.01 in both contrasts).
Analysis of dams’ free SERT revealed a significant effect

for treatment (F(2,18)= 14.61, p= 0.0002; Fig. 3C), sug-
gesting increased serum levels of escitalopram following
its chronic administration (p < 0.001).

Pups
No differences between male and female pups were

observed in the utilized measures; thus, both groups were
considered together for further analyses (for further
details see Table S1 and Table S2 in the Supplement).
Analysis of pups’ anxiety-like behavior on PND 21

revealed a significant stress × treatment interaction effect

Naïve
Antenatal Stress

GD1 GD14 GD15

PND1 PND21

Saline
Escitalopram (15 mg/kg)
Shan-zha (15 mg/kg)

EPM
(Dams)

EPM, Serum
(Dams & Pups)

Fig. 1 Overview of the experimental design. Each column represents one experimental day. Created with BioRender.com. EPM elevated plus
maze, GD gestational day, PND postnatal day, Serum biochemical assessments of escitalopram levels in the serum.

Pups
Anxiety 
PND21

Antenatal
Stress

Dams 
Anxiety
PND1

Treatment

Pups
Free SERT

Esc
Treatment

Dams
Free SERT

Antenatal
Stress

A B

Fig. 2 Conceptual depiction of the moderated mediation models. A A diagram of the hypothesized moderated mediation model on the effect
of antenatal stress on pups’ anxiety-like behavior, with dams’ anxiety-like behavior on PND 1 as the mediator, and escitalopram and shan-zha
treatments as moderators. B A diagram of the hypothesized moderated mediation model on the effect of escitalopram treatment to lactating dams
on pups’ escitalopram exposure (expressed as pups’ free SERT), with dams’ escitalopram levels as the mediator, and antenatal stress as the moderator.
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(F(2,215)= 6.91, p= 0.001; Fig. 3D). Post hoc analysis
revealed that pups that were exposed to stress during
gestation and nursed by antenatally-stressed dams spent
less time in the open arms of the maze compared to
controls (p < 0.0001). Interestingly though, pups that were
nursed by either escitalopram- or shan-zha-treated
antenatally-stressed dams demonstrated equivalent beha-
vior to controls.
Analysis of pups’ free SERT revealed a significant effect

for treatment (F(2,84)= 5.6, p= 0.005; Fig. 3E), suggesting
increased serum levels of escitalopram in pups that were
nursed by escitalopram-treated dams (p < 0.05). This
indicates that escitalopram was excreted into dams’ milk
and transferred to pups via lactation. An additional Sidak
post hoc analysis did not find a significant difference
between the control and shan-zha groups (p= 0.58),
suggesting that shan-zha treatment to dams had no
impact on pups’ serum escitalopram levels.

Transgenerational transference of anxiety
A conditional process analysis indicated that the effect of

antenatal stress on pups’ anxiety-like behavior was medi-
ated by dams’ anxiety-like behavior on PND 1. Further,

both escitalopram and shan-zha moderated the stress-
induced transference of anxiety from dams to pups by
soothing dams’ anxiety from PND 1 (escitalopram: B=
−0.66, p= 0.0007; shan-zha: B=−0.53, p= 0.009). The
effect of antenatal stress on pups’ anxiety was solely related
to modifications of dams’ anxiety, with no significant
direct effect (c′= 0.01, p= 0.64). The indices of moderated
mediation suggested that dams’ treatment with either
escitalopram (95% Boot CI, 0.051 to 0.186) or shan-zha
(95% Boot CI, 0.024 to 0.167) ameliorated the stress-
induced transference of anxiety to pups when compared to
controls (Fig. 4A; for further details see Table S3). An
additional model involving dams’ anxiety-like behavior on
PND 21 as the mediator showed equivalent results (this
analysis is delineated in Table S4 and Fig. S2 in the Sup-
plement); thus, reinforcing the validity of the moderated
mediation premise.

Antenatal stress exacerbates pups’ exposure to
escitalopram via lactation
A conditional process analysis indicated that the effect of

treatment with escitalopram to dams on pups’ escitalo-
pram exposure was fully mediated by escitalopram levels

Fig. 3 Anxiety-like behavior and escitalopram concetrations in dams and pups. A Antenatal stress-induced anxiety-like behaviors in dams, on
PND 1. n= 15 dams per group. B Antenatal stress had a lasting effect on dams’ anxiety-like behavior, which was ameliorated by chronic treatment with
either escitalopram or shan-zha. n= 5 dams per group. C Dams treated with escitalopram demonstrated reduced [3H]citalopram binding compared to
control- and shan-zha-treated dams, indicating increased serum escitalopram level. n= 4 dams per group. D Pups that were exposed to stress during
gestation demonstrated increased anxiety-like behavior on PND 21; maternal treatment with either escitalopram or shan-zha ameliorated the anxiety-like
phenotype. n= 35–39 pups per group. E Pups of dams that were treated with escitalopram demonstrated increased serum escitalopram levels. n= 14–16
pups per group. Dashed lines represent means of reference groups (i.e., control-naïve groups). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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in dams’ serum, with no significant direct effect (c′= 0.04,
p= 0.78). However, the exposure via lactation was only
significant in pups that were fed by antenatally-stressed
dams (95% Boot CI, −0.78 to −0.28) and not by naïve
dams (95% Boot CI, −0.37 to 0.10). The index of moder-
ated mediation (Index=−0.417; 95% Boot CI, −0.64 to
−0.17) suggested that dams’ exposure to antenatal stress
catalyzed the lactation-driven transmission of escitalopram
to pups (Fig. 4B; for further details see Table S5), puta-
tively by altering the permeability of the mammary gland.

Discussion
The current study brings about two noteworthy find-

ings. First, it demonstrates that the mechanism respon-
sible for annulling the transgenerational transference of
anxiety is related to the ability of both escitalopram and
shan-zha to modify and soothe dams’ anxiety-like

behavior. Second, the findings demonstrate that antenatal
stress exacerbates pups’ exposure to escitalopram.
Previous studies demonstrated increments in anxiety-

like behaviors in offspring that were exposed to antenatal
stress15,67–69. These studies reported on behavioral
abnormalities in adulthood, while our findings imply that
abnormalities are already evident upon weaning. A recent
meta-analysis reported that ~6.5% of children and ado-
lescents worldwide suffer from any anxiety disorder70; the
risk is much higher when the child is nurtured by a
mother who struggles with an anxiety disorder11,23. The
current findings suggest that maternal anxiety plays a
major role in child development and that addressing it
with appropriate treatment could redirect the child’s
developmental course towards a more salubrious path,
and accentuate the significance of early clinical evaluation
and intervention for susceptible individuals.

Naïve Antenatal Stress

BloodBlood

Alveolar Lumen Alveolar Lumen

TJ TJ TJ

A tioniA onn

Pups
Anxiety 
PND21

Antenatal
Stress

Dams 
Anxiety
PND1 b

1  = 0.73*** (0.181)

-0.15*** (0
.013)

c’ = 0.01 (0.027)

R2 = 43.4%
F(1,219) = 167.7

p < 0.0001

R2 = 15.2%
F(6,214) = 6.41
p < 0.0001

Shan-zha

Stress ×
Shan-zha

Stress ×
EscEsc

0.21***
(0.047)

-0.53** (0.203)

0.20*** (0.047) -0.66*** (0.191)

Pups
Free SERT

Esc
Treatment

Dams 
Free SERT Antenatal

Stress
Esc ×
Stress

-0
.2

5*
 (0

.1
21

)

b
1  = 0.11 (0.107)

-1.06*** (0
.935)

c’ = 0.04 (0.134)

0.3
9*

* (
0.1

25
)

R2 = 59.4%
F(1,88) = 128.7
p < 0.0001

R2 = 25%
F(4,85) = 7.09
p < 0.0001

A

C

B

Fig. 4 Moderated mediation models. A Antenatal stress led to a significant decrease in the time dams spent in the open arms of the maze on PND
1 (a1=−0.15, p < 0.0001); chronic treatment with either escitalopram (b4=−0.66, p= 0.0007) or shan-zha (b5=−0.53, p= 0.009) to lactating dams
that were exposed to antenatal stress significantly moderated the association between dams’ and pups’ anxiety. Higher values on the anxiety indices
indicate diminished anxiety-like-behavior. N= 221. B Chronic treatment with escitalopram led to a significant decrease in dams’ free SERT (a1=
−1.06, p < 0.0001); exposure to antenatal stress served as a precursor for the association between dams’ and pups’ free SERT (b4= 0.39, p= 0.002),
suggesting that antenatal stress exacerbated the transfer of escitalopram from dams to pups via lactation. N= 90. C A graphical depiction of the
hypothesized mechanism by which antenatal stress might exacerbate pups’ exposure to escitalopram; putatively, via durable alterations of the
permeability of the mammary glandular epithelium that is instigated in the critical stage of mid-to-late gestation. Created with BioRender.com. Esc
escitalopram, TJ tight junction. *p < 0.05, **p < 0.01, ***p < 0.001.
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Escitalopram treatment to dams prevented the antenatal
stress-induced anxiety-like phenotype in both dams and
offspring. Limited research was conducted thus far to
assess the effects of SSRIs administration to lactating
dams on offspring outcomes. Zohar and colleagues57

showed that citalopram treatment from GD 7 to PND 21
normalized rat dams’, but did not avert pups’ antenatal
stress-induced anxiety-like behaviors. A major limitation
of this study is that the initiation of the SSRI treatment
was during gestation, suggesting a much more severe
impingement to serotonergic signaling, due to the mag-
nitude of fetus exposure (when compared to lactation-
based exposure)35. In the current study, escitalopram was
administered to dams only after parturition. This possibly
caused lesser disruption to brain development, while
simultaneously improved dams’ and subsequently pups’
outcomes.
To our knowledge, this is the first portrayal of the

mechanism by which antenatal stress might exacerbate
the transfer of escitalopram to pups. Based on this finding,
we formulated a model that could broaden the under-
standing of lactation-driven exposure to xenobiotics.
According to the model, exposure to stress during critical
periods of gestation might impair the formation of the
mammary gland permeability, thus, potentiating off-
spring’s exposure to SSRIs via lactation (Fig. 4C). During
mid-late-gestational phases (i.e., GD 14 to 20) major
transformations take place in the mice mammary gland,
including epithelium cell proliferation, alveolar differ-
entiation, and decrease in adipose tissue. These changes
are comparable to the ones observed in humans71. During
gestation the mammary tight junctions go through a
biomolecular process that facilitates their closure, reach-
ing an almost impermeable state near parturition46. Glu-
cocorticoids are focal modulators of the closure of the
tight junctions; putatively, increased secretion of gluco-
corticoids near parturition enables their closure72,73. We
speculate that disruption of the glucocorticoid equilibrium
(e.g., via exposure to stress) might impair the typical for-
mation of the mammary tight junctions expected in late
pregnancy. Nonetheless, in the current study, no direct
assessment of the mammary gland permeability was per-
formed, and, therefore, this model should be regarded as a
hypothesized model; it is possible that other explanations,
such as antenatal stress-induced alterations in pups’ drug
metabolism74, played a further role in the excessive levels
of escitalopram. Taken together, the presented model calls
for validation in future research, that will also weigh the
effects of stress on glucocorticoid levels during the sen-
sitive period of mid-to-late gestation. This model might
have important implications when weighing pharma-
cotherapies for susceptible breastfeeding mothers (e.g.,
mothers that were exposed to stress during pregnancy or
suffer from anxiety), that are highly relevant due to the

COVID-19-related intensification of maternal anxiety; and
calls for evaluations of the interplay between stress and
other drugs that are currently being utilized during
breastfeeding.
The moderated mediation premise of the current study

is based on the emerging utilization of such statistical
procedures in various disciplines to assess how and when
effects are crystalized65,75,76. However, it has been pre-
viously shown that some studies make inferences of
mediation and moderation without performing the sui-
table statistical tests77. We suggest that the utilization of
conditional process analyses for elucidating pathophy-
siological mechanisms could be highly constructive for
preclinical research in biological psychiatry. Important
insights were gained by its usage in the current study,
including the transgenerational anxiolytic effect found for
shan-zha.
Shan-zha treatment to dams paralleled the anxiolytic

effect of escitalopram. This finding is consistent with the
growing body of research in our lab53,54. Shan-zha has
been applied for many centuries in traditional Chinese
medicine for treating fluctuations in mood, body tem-
perature, and energy78. Previous studies demonstrated
both in vivo and in vitro, that shan-zha elicits anti-
inflammatory79 and antioxidant79 effects; these are puta-
tively related to its phenolic constituents80,81: hypero-
side82, chlorogenic acid82,83, quercetin82,84, and ursolic
acid85. Recently, Lim and colleagues83 suggested that
these qualities of shan-zha may underlie its psycho-
pharmacological potential; they demonstrated that shan-
zha treatment prevented the stress hormone-induced
retraction in hippocampal dendritic spine density and
induced an antidepressant-like effect in ICR mice. As such
morphological alterations in the hippocampus are highly
implicated in the etiology of anxiety disorders86, this
neuroprotective effect may explain the therapeutic
mechanism of shan-zha. To our knowledge, this is the
first study to assess the effect of shan-zha on anxiety-like
behavior, and it brings about promising evidence invol-
ving the moderation of pups’ anxiety-like behavior, via the
modification of dams’ anxiety.
A major limitation of the current study is that although

we conclude that the modification in pups’ behavior was a
consequence of the changes in maternal functioning, no
direct assessment of maternal care was included. How-
ever, various ante- and post-natal stress procedures in
mice were previously shown to also impair maternal
behavior87–91. Further, maternal anxiety is an imperative
antecedent for subsequent anxiety disorders in children23,
and the targeting of anxiety-driven parenting behaviors
was advocated as a crucial factor in promoting better
treatment outcomes for children suffering from anxiety
disorders92,93. The current design assimilated these
notions, suggesting that maternal anxiety per se has a
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prominent role in determining anxiety-related pathologies
in offspring.
Whether to utilize pharmacological treatments for

maternal anxiety and depression during breastfeeding is
still a genuine clinical dilemma. The application of phar-
macotherapies is supported by empirical findings regarding
the damaging impact of untreated postpartum psychiatric
illness on infants’ psychomotor, cognitive, social, and
emotional development94–97. On the other hand, maternal
SSRI treatment during breastfeeding was associated with
adverse neurodevelopmental outcomes98,99. It is debated
whether the effects of maternal pharmacological interven-
tions on child development are obtained through mod-
ifications of maternal care or by exposure to the drug while
breastfeeding. We confirmed that escitalopram was sig-
nificantly evident in the serum of pups of antenatally-
stressed dams; however, we found that the amelioration of
the transgenerational transference of anxiety was obtained
by the soothing of maternal anxiety (and not by lactation-
driven drug exposure). Thus, the current study generally
supports psychopharmacological targeting of maternal
anxiety, while acknowledges that maternal stress and
anxiety might facilitate infant exposure to SSRIs.
In conclusion, our results provide support to the notion

that exposure to antenatal stress increases anxiety-likes
behaviors in offspring, through intensification of maternal
anxiety. Dams’ treatment with either escitalopram or
shan-zha was effective in preventing the stress-induced
transference of anxiety from dams to pups. Even though it
was established that antenatal stress potentiated the
transfer of escitalopram to pups, there were no indications
of harm. Further studies should extend our understanding
of these questions, to enable more informed reasoning
when weighing pharmacological interventions for post-
partum anxiety, while bearing in mind both mother
and child.
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