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Abstract Autism is a developmental disorder characterized
by impairments in social and communication abilities, as
well as by restricted and repetitive behaviors. Incidence of
autism is higher than earlier estimates, and treatments have
limited efficacy and are costly. Limited clinical and experi-
mental evidence suggest that patients with autism may ben-
efit from electroconvulsive therapy (ECT). We examined the
therapeutic potential of ECT in BTBR T+ tf/j mice, which
represent a validated model of autism. A series of 13 elec-
troconvulsive shocks (ECS) delivered twice a day over
7 days reversed core autism-like behavioral abnormali-
ties—impaired sociability, social novelty, and repetitive be-
havior—when the animals were tested 24 h after the last
ECS. The effect lasted up to 2 weeks after ECT. Neither
single ECS nor a series of 6 ECS modified animals’ behav-
ior. Chronic infusion into the lateral brain ventricle of a
preferential oxytocin receptor blocker (2S)-2-Amino-
N-[(1S,2S,4R)-7,7-dimethyl-1-[[[4-(2-methylphenyl)-1-
piperazinyl]sulfonyl]methyl]bicyclo[2.2.1]hept-2-yl]-
4-(methylsulfonyl)butanamide hydrochloride abolished ECT-
induced improvement of sociability and mitigated improve-
ment of social novelty but did not affect ECT-induced rever-
sal of repetitive behavior. These proof-of-principle experi-
ments suggest that ECT may, indeed, be useful in the
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treatment of autism, and that its therapeutic effects may be
mediated, in part, by central oxytocin signaling.
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Introduction

Autism is a considerably debilitating developmental disorder
characterized by impairments in social and communications
abilities, as well as by restricted and repetitive behaviors [1].
Presently, there are no mechanism-based therapies for autism
[2]. This is owing, in part, to the multifactorial nature of the
disease and the lack of a single, well-identified signaling path-
way underlying autism-associated behavioral and cognitive
abnormalities. A wide range of mechanisms causing the dis-
ease calls for the exploration of broad, not necessarily phar-
macological, interventions. For example, several studies re-
port on the positive effects of a ketogenic diet in patients with
autism, as well as in animal models [3, 4].

In our recent studies exploring the relationship between an
autism-like phenotype and epilepsy in mice, we found that in
animals with pre-existing autism-like impairments (which had
been induced by prenatal exposure to viral-like infection), the
severity of autism symptoms was alleviated upon the induc-
tion of spontaneous recurrent seizures by intrahippocampal
kainic acid, and that the extent of behavioral improvement in
tests for autism-like behavior positively correlated with the
frequency of seizures [5]. This finding, albeit unexpected,
was nevertheless congruent with limited clinical evidence sug-
gesting that electroconvulsive therapy (ECT) may have posi-
tive effects in patients with autism [6—10]. We surmised that
the “antiautistic” effects of seizures observed in our experi-
ments might not be serendipitous but rather have true
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therapeutic potential via the recruitment of relevant and iden-
tifiable mechanisms.

While the effects of ECT are likely to be multifaceted and
thus impossible to deduce to a single pathway or a molecule,
one plausible candidate is oxytocin. Oxytocin is a “social”
hormone, and its deficiency has been implicated in mecha-
nisms of autism in both clinical and experimental studies.
Clinical studies connected autism to the decreased plasma
oxytocin levels, as well as to oxytocin receptor gene polymor-
phism [11-13]. In the laboratory setting, oxytocin receptor
knockout mice presented with autism-like behavioral impair-
ments [14, 15]. Conversely, oxytocin administration improved
social behavioral deficits in several models of autism, such as
inbred mouse strains BALB/cByJ and C58/J [16].

With regard to seizures, kainic acid-induced convulsions in
rats led to the increased expression of oxytocin in the hypo-
thalamus [17]. Furthermore, ECT in rats was accompanied by
an elevated plasma oxytocin level [18]. These observations
may explain, at least in part, the mitigation of autism-like
behavior in epileptic mice, and therapeutic effects of ECT in
autism, which have been alluded to earlier.

In this study we examined whether ECT indeed exerts ther-
apeutic effect in a validated animal model of autism. For this,
we chose BTBR T + tf/J mice, which present with a spectrum
of behavioral perturbations (e.g., impaired sociability and re-
petitive behavior), as well as neuropathological abnormalities
(e.g., absence of corpus callosum, i.e., deficient long-range
connectivity) consistent with autism [19, 20], and are com-
monly used in autism research. We report that ECT transiently
reverses autism-like behavioral abnormalities in BTBR mice,
and that therapeutic effects of ECT may be partly regulated by
central oxytocin signaling.

Methods
Animals

The experiments were performed in male BTBR T+ tf/j (hereafter
referred to as BTBR) and C57bl/6j mice (The Jackson Laborato-
1y, Bar Harbor, ME, USA), which were 40 days old at the begin-
ning of the study. Animals were kept in a 12-h light (7:00 AM—
7:00 PM)/dark (7:00 PM-7:00 AM) cycle and had free access
to food and water. Experimental procedures were approved by the
University of California, Los Angeles, animal research committee
and complied with National Institutes of Health and Association
for Assessment and Accreditation of Laboratory Animal Care
International guidelines and requirements.

Behavioral Tests

Behavioral testing was performed using the 3-chamber test
[21], adapted by our laboratory [22], between 10:00 AM and
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1:00 PM. The apparatus was a 60*x40-cm Plexiglas box di-
vided into 3 connected chambers (Noldus, Leesburg, VA,
USA). Each of the end compartments contained wired cylin-
drical enclosures (11 cm high, 10 cm diameter, bar space 1 cm
apart). The test was performed in an isolated sound-proof
room, under low-lit conditions. Prior to the testing proper,
the test animal was placed inside the chamber and was
allowed to habituate for 10 min. Animals’ behavior was
videotaped and analyzed offline, as described below.

Sociability

An unfamiliar age-, sex-, and strain-matched mouse
(conspecific) was placed inside one of the enclosures, and an
unfamiliar object (cube, cylinder or pyramid) inside the other
enclosure. The test animal was placed into the central cham-
ber, and was allowed to explore the apparatus for 10 min.

Social Novelty

Upon completing the sociability phase of the test, the test
mouse was removed from the apparatus. The object in the
respective enclosure was replaced by a new, unfamiliar
mouse; the conspecific in the other enclosure (now-familiar
mouse) remained in place. The test mouse was re-introduced
into the apparatus and was allowed to explore it for 10 min.

When the sociability and social novelty tests were applied
repeatedly to the same animals, for each consecutive test new
conspecific mice and new objects were used. Furthermore,
according to our experience (unpublished observations), fre-
quent exposure of animals to the apparatus diminishes their
overall explorative behavior, and therefore the minimal timing
between repeated tests was kept at 2 weeks.

Self-Directed Repetitive Behavior

Behavior was studied by calculating the cumulative time spent
grooming in each chamber during the sociability and social
novelty phases of the test. Examining grooming during the
sociability tests rather than in isolation, as it is commonly
done, allowed us to analyze repetitive behavior in the context
of the surroundings.

Analysis of Behavior

Sociability (first phase) was expressed as the sociability index,
which involved calculating time (t) in seconds spent exploring
(sniffing) the conspecific and the object using the formula:
[tconspeciﬁc / tconspeciﬁc + tobject] x 100-50. Social nOVelty (sec-
ond phase) was expressed as social novelty index and was
calculated using a similar formula: [thew conspecific/tnew conspecific
+t ] x 100-50. On the resulting scale, the sociability

old conspecific

and social novelty span from +50 (full preference for the



Electroconvulsive Therapy of Autism

659

conspecific during phase 1 and new conspecific during phase
2) to 0 (social indifference) to —50 (complete avoidance of the
conspecific during phase 1 and of new conspecific during
phase 2) [22-24]. Repetitive behavior was analyzed by calcu-
lating cumulative time spent grooming during each of the
phases of the test and in each of the chambers of the apparatus.

ECT

The ECT protocol followed a commonly described procedure,
using a Pulse Generator 57800-001 (Ugo Basile, Comerio,
Italy). The supplied auricular clip electrodes were placed on
the mouse’s ears, and standard electroconvulsive electroshock
(ECS) was applied (pulse duration 0.1 ms, ECS duration 1 s,
100 pulses, 25 mA) [25, 26]. Three ECT regimens were ap-
plied in separate groups of animals (Table 1). 1) Mice received
a total of 13 ECSs (twice per day 8 h apart on days 1-6, and 1
in the morning of day 7). 2) Separate animals were subjected
to a procedure of a similar duration (i.e.m 7 days) but of a
lower ECS density. These animals received ECS once a day in
the morning on days 2—7 (total of 6 ECS); sham procedures
(i.e., animals were connected to the pulse generator but no
ECS were administered) were delivered twice on day 1 and
thereafter were alternated with ECS with 8-h intervals on days
2-7. 3) Animals were subjected to 12 consecutive sham pro-
cedures given twice a day 8 h apart, followed by a single ECS
on day 7.

A behavioral test was performed 24 h after the last ECS.
The criterion for successful ECS was the presence of general-
ized tonic convulsion with hindlimb extension lasting for at
least 5 s; there were no failures in the occurrence of the
convulsions.

Oxytocin Receptor Blocker Treatment
Experimental Drug and the Delivery System
We used L-368,899 [(2S)-2-Amino-N-[(1S,2S,4R)-7,7-

dimethyl-1-[[[4-(2-methylphenyl)-1-
piperazinyl]sulfonyl]lmethyl]bicyclo[2.2.1]hept-2-yl]-

4-(methylsulfonyl)butanamide hydrochloride; Tocris,
Minneapolis, MN, USA]. The compound is a
nonpeptide preferential oxytocin receptor antagonist
(IC50=8.9 nM) that displays>40-fold selectivity over
vasopressin Vi, and V, receptors (ICsy, values=370
and 570 nM, respectively) [27].

For the drug delivery, we used an ALZET osmotic pump
model 1002 (pumping duration 2 weeks, total volume 100 pl,
nominal pumping rate 0.25 pl/h; Durect Corporation, Cuper-
tino, CA, USA). The pump was filled with 490 ug L-368,899
dissolved in 100 pl of saline (resulting in 35 pg delivered over
each 24 h). The flow moderator of the pump was connected to
the cannula of the Brain Infusion Kit 3 via a polypropylene
catheter (Durect). The assembly was placed in the sterile tube
filled with normal saline and placed inside the incubator at
37 °C for 48 h for priming before implantation. Control treat-
ments consisted of delivering either saline in lieu of L-368,
899, or of administering L-368,899 at 3.5 pg/day (i.e., 10 % of
the original dose; for this, the pump was filled with 49 pg of
the compound).

Surgery

Mice were anesthetized with isoflurane and placed in the
mouse adapter (Stoelting, Wood Dale, 1L, USA) mounted on
the stereotaxic apparatus (David Kopf Instruments, Tujunga,
CA, USA). The ALZET pump was placed inside the subcu-
taneous pocket on the animal’s back, and the cannula of the
Brain Infusion Kit was stereotaxically implanted into the lat-
eral brain ventricle (from Bregma: posterior 0.22 mm, left
1.0 mm, ventral 2.5 mm [28]). The cannula was fixed to the
skull by dental acrylic.

Experiments

During first 5 days after surgery, the drug was delivered with-
out ECS. Starting from day 6 after surgery, animals underwent
ECT as described above. A behavioral test was performed
24 h after the last ECS (which coincided with the end of the
drug delivery).

Table 1  Electroconvulsive therapy (ECT) regimens
ECTday 1 2 3 5 6 7
Time AM PM AM PM AM PM AM PM AM PM AM PM AM PM

13 ECS ECS ECS ECS ECS ECS ECS
6 ECS Sham Sham ECS Sham ECS Sham
1 ECS Sham Sham Sham Sham Sham Sham

Sham

ECS ECS ECS ECS ECS ECS ECS  None
ECS Sham ECS Sham ECS Sham ECS None
Sham Sham Sham Sham Sham ECS None

Shown are 3 ECT regimens used in the study. For each regimen, the total duration of the procedure was 7 days. Time between AM and PM procedures
was 8 h. Behavioral test was performed 24 h after the last electroconvulsive electroshock (ECS)

Sham = animals were connected to the pulse generator but no ECS was delivered
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After the completion of the experiments, animals were eu-
thanized by pentobarbital Na, brains were removed, kept on
dry ice, and placed in brain matrix. Coronal sections were cut
at the level of the cannula, to verify its placement in the lateral
brain ventricle. The proper cannula position was confirmed
for all mice.

Data Analysis

Data were analyzed in a “blinded fashion” using Prism 6 soft-
ware (GraphPad, San Diego, CA, USA). Parametric tests were
used, as the samples represented interval scales, and passed
D’ Agostino-Pearson omnibus normality test. One-way analy-
sis of variance, repeated measures analysis of variance, and
paired and unpaired Student’s ¢ tests were used as appropriate.
Statistical tests and sample numbers for each experiment are
indicated in the figure legends.

Results

Comparison of Behavior Between BTBR and C57bl/6j
Mice

In order to characterize autism-like behavior in BTBR ani-
mals, before proceeding with the experiments proper we com-
pared their performance with that of C57bl/6j mice, which are
genetically, behaviorally, and anatomically normal.

During the habituation phase of the test, animals had no
bias towards either of the end chambers (not shown). During
the sociability phase, both BTBR and C57bl/6j mice directly
engaged more with a conspecific than with the object; how-
ever, C57bl/6j mice spent a significantly longer time exploring
the conspecific versus the object than BTBR mice (Fig. 1a).
During the social novelty phase of the test, BTBR mice
showed slight-to-no preference towards either of the 2 conspe-
cifics, while C57bl/6j mice engaged significantly more with a
new conspecific than the old one (Fig. 1a). It could be argued
that poor social novelty in BTBR mice was due to the insuf-
ficient attention paid to a conspecific during the sociability
phase (and, consequently, perception of both old and new
conspecifics as unfamiliar). However, this was not the case,
as the durations of exploring a conspecific during the socia-
bility phase were similar between BTBR and C57bl/6j ani-
mals (49.14+£12.04 s and 47.00+6.72 s, respectively;
p>0.05, Student’s ¢ test).

At the same time, during each of the 2 phases of the socia-
bility test, both BTBR and C57bl/6j mice spent a statistically
similar amount of time in each of the terminal compartments,
with the time spent in the central compartment not exceeding
50 s (data not shown). As in our hands no differences between
the 2 strains were observed in this regard, a mere presence in a
target compartment did not appear to be a sensitive enough

@ Springer

[1BTBR
B C57bl/6j

)
el
£
Sociability Social novelty
Interaction
B
2% gerer L
Hl C57bl/6j

*

During
sociability

During
social novelty
Grooming

Fig. 1 Comparison of behavior between BTBR and genetically normal
C57bl/6j mice. (a) BTBR mice showed lower levels of direct social
engagement (sniffing) both during sociability and social novelty phases
of the 3-chamber test compared with C57bl/6j mice. (b) BTBR mice
spent more time grooming during each of the phases of the 3-chamber
test than their C57bl/6j counterparts. Sample sizes: BTBR, n=7; C57B],
n=6. Data are presented as mean+SEM. *p<0.05 vs C57BI ( test)

indicator of autism-like behavior. Therefore, in further exper-
iments we only analyzed direct engagement of the test mouse
with the conspecific versus the object and a new versus famil-
iar conspecific during sociability and social novelty tests,
respectively.

During both phases of the 3-chamber test, BTBR animals
spent significantly more time grooming than C57bl/6j mice.
For each strain, the distribution of grooming between the so-
ciability and the social novelty phases was similar (Fig. 1b).
However, time spent grooming in a specific chamber during
each of the phases differed between the two strains (discussed
under “Structure of Repetitive Behavior and Effects of
Treatments™).

Effects of ECT in BTBR Mice

These experiments were performed in BTBR mice described
above (i.e., in experiments comparing them with C57bl/6j
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Fig. 2 Effects of electroconvulsive therapy (ECT) on behavioral deficits p

in BTBR mice. (a) Twenty-four h after the end of ECT, both sociability
and social novelty significantly increased compared with baseline (ECT I
+ 1 day vs before ECT I). Two weeks after ECT (ECT I + 2 weeks), its
effects diminished but persisted so that both sociability and social novelty
were statistically similar to respective parameters observed before ECT
and 24 h after ECT. The administration of the second ECT (ECT II +
1 day) produced effects similar to those observed after the first ECT. The
effects of ECT fully disappeared 1 month after the treatment (ECT II +
1 month). (b) ECT effectively reduced cumulative duration of grooming
during the 3-chamber test. The effects were fully congruent with those on
sociability and social novelty (i.e., full reversal 24 h after ECT, partial
diminution at 2 weeks, and complete disappearance at 1 month) Data are
presented as mean+SEM (n=7) *p<0.05 vs “Before ECT I”. Repeated
measures analysis of variance plus Tukey’s multiple comparison test for
each test. (1.981, 11.89) = 12.6 for sociability; F(2.161, 12.96) = 13 for
social novelty; F (2.191, 13.15) = 10.92 for grooming during sociability
phase; F'(1.705, 10.23) = 10.1 for grooming during social novelty phase.
(c) Effects of single electroconvulsive electroshock (ECS) and 6 ECS on
behavior in BTBR mice. Treatments consistent of 12 consecutive sham
ECS followed by 1 ECS (12 sham + 1 ECS; n=5) and of 7 sham ECS
administered intermittently with ECS (7 sham + 6 ECS; n=5). Neither of
the protocols had statistically significant effects on the animals’ behavior
(p>0.05, paired ¢ test). Data are presented as mean+SEM per cent of
parameters before respective treatments (baseline); for sociability and
social novelty, data are normalized on the —50 to +50 scale by adding
50 to absolute index values (so as to avoid negative per cent). For
statistical analysis, absolute values were compared

strain). After the examination of baseline behavior [Fig. 1 and
2a and b (“Before ECT 1”)], the animals were subjected to 13
consecutive ECS, as described in the “Methods”. Behavioral
testing 24 h after the last ECS revealed full reversal of impair-
ments of both sociability and social novelty, whereby both
indices were significantly higher than the ones prior to the
ECT [Fig. 2a (“Before ECT I and ECT I+ 1 day”)], and were
in the ranges observed in C57bl/6j mice. The duration of
grooming also significantly decreased during both phases of
the test [Fig. 2b (“Before ECT Iand ECT I+ 1 day™)], and was
also in the range observed in C57bl/6j mice.

During the examination 2 weeks after the ECT, animals’
behavior during sociability, social novelty tests, and grooming
duration showed signs of returning to pre-ECT levels; all ex-
amined parameters were statistically similar to the ones both
before ECT, and 1 day after ECT [Fig. 2a and b (“ECT I +
2 weeks”)].

When the second ECT was administered, animals’ behav-
ior once again significantly improved to the levels similar to
those observed after the first ECT [Fig. 2a and b (“ECT II +
1 day” compared with “ECT I + 1 day”)].

Therapeutic effects of the ECT on both sociability and
grooming completely disappeared 1 month after the treatment
[Fig. 2a and b (“ECT II + 1 month™)].

Effects of Single and 6 ECS

Neither 12 sham procedures followed by single or 6 ECS
alternated with 7 sham procedures had any statistically
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significant effects on animals’ behavior in sociability, social
novelty, and grooming assays (Fig. 2c).

Effects of Oxytocin Receptor Antagonist

After L-368,899 treatment combined with 13 ECSs, sociabil-
ity in BTBR mice remained at the same levels as before the
procedure, meaning that the blockade of oxytocin receptors
completely abolished the therapeutic effects of ECT (Fig. 3a,
“Sociability”). At the same time, social novelty was still im-
proved by ECT, even in the presence of oxytocin receptor
blocker, although it did not reach levels observed when ECT
was administered during saline infusion in lieu of L-368,899
(Fig. 3a, “Social novelty”). Therefore, blockade of oxytocin
receptors did not abolish, but partially antagonized, the thera-
peutic effect of ECT. Administration of L-368,899 did not
affect ECT-induced reduction of grooming behavior, which
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Fig. 3 Effects of co-administration of electroconvulsive therapy (ECT) with p

oxytocin receptor blocker (2S)-2-Amino-N-[(1S,2S,4R)-7,7-dimethyl-1-[[[4-
(2-methylphenyl)-1-piperazinyl]sulfonyl]methyl]bicyclo[2.2.1 Thept-2-y1]-4-
(methylsulfonyl)butanamide hydrochloride (L-368,899) on behavioral
deficits in BTBR mice. (a) Treatment with an oxytocin receptor blocker
(OxyR blocker), L-368,899, prevented ECT-induced improvement of
sociability. Under OxyR blocker ECT still improved social novelty;
however, this effect was not as pronounced as when ECT was administered
in the presence of saline in lieu of L-368-899 (After Saline/ECT vs After
OxyR blocker ECT; p<0.05, Student's # test). (b) Even in the presence of
OxyR blocker, ECT fully reversed increased grooming behavior in BTBR
mice. OxyR blocker n=7; saline n=5. Data are presented as mean+SEM.
*p<0.05 “After OxyR blocker/ECT” vs “Before OxyR blocker/ECT;
p<0.05 “After Saline/ECT” vs “Before Saline/ECT” (paired ¢ tests). (c)
The administration of OxyR blocker at 3.5 pg/day (i.e., 10 % of the
effective dose) had no effects on therapeutic effects of ECT (n=>5). When
administered to C57BI mice (n=6), OxyR blocker showed no proper effects
on behavior. *p<0.05 when comparing data after treatments with data before
treatments (paired ¢ test). Data are presented as mean+SEM per cent of
parameters before respective treatments (baseline); for sociability and social
novelty, data are normalized on the —50 to +50 scale by adding 50 to absolute
index values (so as to avoid negative per cent). For statistical analysis,
absolute values were compared

not only significantly improved compared with pre-ECT
values, but was in a range observed when ECT was adminis-
tered during intracerebral saline infusion (Fig. 3b).

Administration of L-368,899 at 10 % of the effective dose
(i.e., at 3.5 pg/day) to BTBR mice did not modify therapeutic
effects of ECT on any of the 3 behavioral parameters (Fig. 3c,
first group of 4 bars shows significant improvement of all
parameters).

In order to clarify whether L-368,899 had proper detrimen-
tal effects on behavior in the applied dose, we administered
the compound in C57bl/6j mice. We chose to limit this exper-
iment to C57bl/j6 animals because BTBR mice are already
impaired, and considering the numerical values of their behav-
ioral parameters, further deterioration of behavior might be
impossible to reveal. C57bl/j6 mice did not undergo ECT
but were subjected to 13 sham procedures. When tested in
C57b1/6j mice in the absence of ECT, L-368,899 at the applied
dose of 35 pg/day showed no proper effects on any of the
analyzed behaviors (Fig. 3c, second group of 4 bars).

Structure of Repetitive Behavior and Effects
of Treatments

BTBR and C57bl/6j mice showed different patterns of distri-
bution of grooming behavior between the end chambers dur-
ing both sociability and social novelty phases. During the
sociability phase, BTBR mice spent more time grooming in
the chamber with a conspecific, while C57bl/6j mice preferred
grooming in a chamber with an object (Fig. 4, first 2 bars in
the left group). During the social novelty phase, BTBR mice
groomed more in the presence of a new conspecific as com-
pared with the familiar one, while, conversely, C57bl/6j mice
spent more time grooming in the chamber with the familiar
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conspecific (Fig. 4, first 2 bars in the right group). Both BTBR
and C57bl/6j mice spent little time grooming in the center
chamber (010 s), with no differences between the 2 strains
(not shown).

After ECT was administered to BTBR animals the duration
of grooming was not only reduced, but its structure also
started to resemble of that in C57bl/6j mice [i.e., increased
grooming in the presence of the object during the sociability
phase, and in the presence of the familiar conspecific, during
the social novelty phase (Fig. 4, BTBR/ECT)]. As for effects of
L-368,899, although the blockade of oxytocin receptors did
not affect ECT-induced reduction of grooming per se, it did
reverse the distribution of grooming between the 2 chambers
to the pattern observed in the untreated BTBR animals [i.e.,
preferential grooming in the chamber with the conspecific vs
the object and with new conspecific vs the familiar one during
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Fig. 4 Structure of repetitive behavior and effects of treatments.
Grooming (in seconds) is shown in each of the end chambers for the
sociability and social novelty phases of the test. BTBR mice (n=7)
spent more time grooming in the presence of a conspecific during
sociability and in the presence of a new conspecific during social
novelty phases. In C57BI mice (n=6), the distribution of grooming was
the opposite of that in BTBR. Electroconvulsive therapy (ECT) applied to
BTBR (n=7) not only reduced total grooming duration, but also changed
its distribution in the direction similar to that in C57BI mice. Under the
administration of an oxytocin receptor blocker (OxyR blocker) (2S)-2-
Amino-N-[(18S,2S,4R)-7,7-dimethyl-1-[[[4-(2-methylphenyl)-1-
piperazinyl]sulfonyl]methyl]bicyclo[2.2.1]hept-2-yl]-4-
(methylsulfonyl)butanamide hydrochloride (n=7), ECT, while shortening
the duration of grooming, failed to inverse the distribution of repetitive
behavior as it did when applied alone. Data are presented as mean+=SEM.
*p<0.05 object vs mouse for sociability and old mouse vs new mouse for
social novelty (z test)

the sociability and social novelty phases respectively; Fig. 4
(BTBR/L-368,899/ECT)).

Discussion

Our studies show that 1) in BTBR mice, when the animals are
tested 24 h after the end of the treatment, ECT reverses such
behavioral symptoms of autism as impaired sociability, im-
paired social novelty, and repetitive behavior; 2) the effect of
ECT lasts for about 2 weeks upon the cessation of the treat-
ment but can be re-induced by the second ECT series; 3) the
therapeutic effect of ECT may, in part, involve plastic changes
in the brain, as it requires repeated ECSs; 4) with the used dose
of a preferential oxytocin receptor blocker it appears that ther-
apeutic effects of ECT may be mediated by central oxytocin
receptors in a complex, behavior-dependent fashion: improve-
ment of sociability depends solely on oxytocin receptors,
while the improvement of social novelty relies only partly

on oxytocin receptors, and the improvement of repetitive be-
havior does not involve oxytocin receptors.

ECT represents an effective treatment of pharmacoresistant
cases of depression [29-3 1], bipolar disorder [32], and schizo-
phrenia [33, 34]. Mechanisms underlying the therapeutic ef-
fects of ECT remain largely elusive, with 2 major hypotheses
dominating: the anticonvulsant, whereby the effects are attrib-
uted to the increase of seizure threshold and decrease of sei-
zure duration observed during the course of ECT [35], and the
neurotrophic, which brings in the induction of several neuro-
trophic factors (e.g., brain-derived neurotrophic factor, vascu-
lar endothelial growth factor), transcription factors (e.g., c-
fos), and neurogenesis as explanations [36, 37].

ECT has not been extensively used for the treatment of
autism and no controlled clinical trials have been performed.
Several studies report on beneficial effects of ECT in patients
with autism. Most of these studies are case reports, showing
improvement of catatonia and self-injurious behavior [6—10],
although beneficial effects on intellectual and adaptive func-
tioning have also been observed [38]. No theoretical basis for
the potential therapeutic effect of ECT in autism has been
discussed. Certainly, social, psychological, and professional
barriers exist, which hinder wider use of ECT for the treatment
of psychiatric disorders [39, 40]. From this standpoint, pre-
clinical studies that could show an unambiguous benefit of
ECT in validated animal models of autism are useful, as they
can build the framework for further mechanism-oriented re-
search and, if successful, validate the use of ECT in patients
with severe autism symptoms. To our knowledge, ours is the
first report showing that ECT can, indeed, be effective in a
commonly used experimental model of autism.

In BTBR mice, ECT improved impairments in all of the 3
analyzed behaviors: sociability, social novelty, and repetitive
behavior. The effectiveness of ECT in BTBR mice is particu-
larly remarkable considering that these animals have profound
and irreversible deficiency in interhemispheric connectivity
due to the missing corpus callosum and underdeveloped hip-
pocampal commissure [41, 42], which is congruent with com-
promised long-range connectivity in autism [43—45]. Howev-
er, it should be noted that the lack of corpus callosum alone
cannot explain the presence of autism-like behavior; indeed,
postnatal mechanical lesion to the corpus callosum in
LP/J mice (which are genetically close to BTBR mice
but show no autism-like behavioral abnormalities) failed
to produce autism-like impairments [46]. Concurrently
with the compromised long-range connectivity, BTBR
mice exhibit aberrant intrahemispheric connectivity as
identified by diffusion tensor imaging [20], which is
another widely acknowledged attribute of the autistic
brain [47]. With this regard, ECT was shown to reduce
local connectivity in prefrontal cortex [29], an effect
which, if experimentally confirmed, could explain, at
least in part, its therapeutic effect in BTBR mice.
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At the same time, it is highly plausible that mechanisms of
beneficial effects of ECT in autism (much like in the discussed
psychiatric disorders) cannot be deduced to a single pathway
or a molecule but rather involve a variety of targets. Further-
more, 2 types of effects can be contemplated: one is restoring a
specific dysfunction and another is an overcompensation of
otherwise unaffected pathways.

Among potential candidate targets, in this proof-of-
principle study we decided to focus on oxytocin. By
employing a preferential oxytocin receptor blocker (but see
discussion of its limitations below), we pursued obtaining an
initial signal on potential role of this hormone in the therapeu-
tic effect of ECT, which, depending on outcomes, would have
either prompted or discouraged further studies.

A positive regulatory role of oxytocin in social behaviors
has been widely accepted. Oxytocin promotes social behavior,
while its deficiency (e.g., oxytocin or oxytocin receptor gene
polymorphism) has been implicated in mechanisms of autism
[11-13]. Oxytocin and oxytocin receptor knockout mice pres-
ent with autism-like abnormalities [14, 15], whereas exoge-
nously administered oxytocin improves autism-like behavior
in mice of the BALB/cByJ and C58/J strains [16]. Treatment
of Magel-2 deficient mice (which show autism-like impair-
ments over the lifespan) with oxytocin during early postnatal
age rescued their social behavior phenotype in the adulthood
[48].

Furthermore, several studies showed that ECT increases
plasma oxytocin levels in patients with depression [49-51],
as well as in rats [ 18], which together with the prosocial effects
of the hormone supports its potential mediation of therapeutic
effects of ECT.

It should be noted that BTBR mice are characterized by
increased, rather than suppressed, oxytocin expression in
paraventricular hypothalamic nucleus, and by the increased
expression of postsynaptic oxytocin receptors [52]. These
changes may represent overcompensatory mechanisms,
which remain insufficient to overcome other dysfunctions li-
able to the autism-like phenotype in BTBR mice. Further-
more, long-term administration of intranasal oxytocin report-
edly failed to improve behavior in BTBR mice [53].

Nevertheless, in our experiments central delivery of a pref-
erential oxytocin receptor blocker, L-368,899, abolished ECT-
induced improvement of sociability, and significantly mitigat-
ed the improvement of social novelty. Assuming preferential
blockade of oxytocin receptors by L-368,899 in our protocol,
it is conceivable that ECT induced further overexpression of
oxytocin and/or oxytocin receptor, which then became suffi-
cient to play a compensatory role and thus normalize the an-
imals’ behavior. Alternatively, there is a possibility that imme-
diate and prolonged effects of ECT (e.g., 24 h vs 1-2 weeks)
have different underlying mechanisms. In our experiments we
only tested L-368,899/ECT animals 24 h after the last ECS
and did not re-test them later for technical reasons: on the one
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hand, at 2 weeks, the effects of ECT proper begin to
dissipate, which would substantially complicate the in-
terpretation of the outcomes of L-368,899 treatment; on
the other hand, as mentioned in the “Methods”, we
were avoiding repeating the test more frequently that
every 2 weeks, as this diminishes animals’ explorative
activity and thus may skew the outcome of the
employed assays. Further analysis of oxytocin and oxy-
tocin receptor expression in the brain may clarify the
involvement of this hormone in therapeutic effect of
ECT.

While the improvement of social deficits by ECT were
abolished/mitigated by L-368,899, the drug did not affect
ECT-induced shortening of grooming time, thus suggesting
that oxytocin did not mediate the effects of ECT on repetitive
behavior in the examined system. In clinical studies, oxytocin
treatment mitigated repetitive behavior in male patients with
autism [54]; however, no correlation was found between plas-
ma oxytocin levels and repetitive behavior in children with
autism [55].

ECT normalized the social aspect of grooming behavior in
BTBR mice vis-a-vis C57bl/j6 counterparts. An explanation
that we can offer for the observed distribution of grooming
behavior is that C57bl/j6 animals, in which grooming, pre-
sumably, is a part of a predominantly normal behavioral rep-
ertoire, prefer grooming while being away from an object that
they perceive to be engaging (i.e., conspecific and novel con-
specific during the sociability and social novelty phases, re-
spectively). In BTBR mice, preferential grooming in the prox-
imity of a conspecific/novel conspecific may instead be a
manifestation of social anxiety [56]. With such an explanation
in mind, the realignment of grooming by ECT and blockade of
this realignment by L-368,899 is congruent with the observed
effects on social approach during the sociability test proper.

While L-368,899 shows a reasonably high preference to-
wards oxytocin receptors versus vasopressin receptors (ap-
proximately 40-fold), it also binds to V;, and V, vasopressin
receptors [27]. It is difficult, if impossible, to choose a dose
that would not affect vasopressin receptors upon in vivo drug
delivery. We approximated the dose of the drug based on prior
studies [57], and in our experiments at least one-tenth of the
effective dose did not modify the effects of ECT at all. Still,
the involvement of vasopressin receptors cannot be
discounted, particularly considering that vasopressin has been
implicated in regulating social behaviors and mechanisms of
autism [58, 59]. A more definitive answer could be obtained
from the examination of autism in oxytocin and/or oxytocin
knockout mice. At the same time, the presented pharmacolog-
ical analysis (albeit limited) had an advantage as it allowed us
to dissociate effects of L-368,899 on the 3 behaviors. While,
admittedly, our experiments do not provide conclusive evi-
dence as to the mediation of effects of ECT by oxytocin re-
ceptors, the obtained data represent a positive first step
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towards dissecting mechanisms that may underlie effects of
ECT in autism and at least warrant further examination of the
role of oxytocin signaling.

Other possible mechanisms of action of ECT cannot be
excluded. For example, imaging studies may reveal normali-
zation of functional aberrations in intrahemispheric connectiv-
ity, which, as mentioned earlier, is perturbed in BTBR mice
[47].

Overall, it is highly plausible that in different animal
models, ECT would modify autism-like behaviors in a differ-
ent fashion and through different mechanisms. Therefore, fu-
ture experimental studies should include the examination of
the effects of ECT in various models of autism, and in each of
those models, where it is proven effective, possible underlying
mechanisms should be analyzed. Such studies would help to
build a therapeutic profile of ECT depending on concrete
cases and causes of autism.

In conclusion, our experiments provide evidence that ECT
may effectively improve autism-like behavior in a validated
mouse model. The involvement of oxytocin signaling in ther-
apeutic effects of ECT requires further examination; however,
based on the observed initial effects it appears to be a prom-
ising target.
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