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Significance

 What is the mechanism by which 
different environmental agents 
induce a brief GABA-to-glutamate 
neurotransmitter switch in the 
neonatal brain, leading to 
autistic-like behavior in adult 
mice? GABA and glutamate are 
typically inhibitory and excitatory 
neurotransmitters, respectively. 
Switching their normal expression 
early in the assembly of the 
nervous system is expected to 
alter action potential frequencies 
that regulate activity-dependent 
components of neuronal 
development, including brain 
wiring. GABA is also a trophic 
factor and its disappearance is 
likely to affect further aspects of 
development. Several genetic 
mutations that cause autism 
spectrum disorder exhibit similar 
early imbalance in expression of 
these excitatory and inhibitory 
transmitters, suggesting that 
transmitter switching may be 
common to both environmental 
and genetic forms of this affliction.
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NEUROSCIENCE

Embryonic exposure to environmental factors drives transmitter 
switching in the neonatal mouse cortex causing autistic-like 
adult behavior
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Autism spectrum disorders (ASD) can be caused by environmental factors. These factors 
act early in the development of the nervous system and induce stereotyped repetitive 
behaviors and diminished social interactions, among other outcomes. Little is known 
about how these behaviors are produced. In pregnant women, delivery of valproic 
acid (VPA) (to control seizure activity or stabilize mood) or immune activation by a 
virus increases the incidence of ASD in offspring. We found that either VPA or Poly 
Inosine:Cytosine (which mimics a viral infection), administered at mouse embryonic 
day 12.5, induced a neurotransmitter switch from GABA to glutamate in PV- and 
CCK-expressing interneurons in the medial prefrontal cortex by postnatal day 10. The 
switch was present for only a brief period during early postnatal development, observed 
in male and female mice at postnatal day 21 and reversed in both males and females 
by postnatal day 30. At postnatal day 90, male mice exhibited stereotyped repetitive 
behaviors and diminished social interaction while female mice exhibited only stereotyped 
repetitive behavior. Transfecting GAD1 in PV- and CCK-expressing interneurons at 
postnatal day 10, to reintroduce GABA expression, overrode the switch and prevented 
expression of autistic-like behavior. These findings point to an important role of neu-
rotransmitter switching in mediating the environmental causes of autism.

autism spectrum disorders | valproic acid | poly inosine:cytosine | environmental models of autism |  
neurotransmitter switch

 Autism spectrum disorders (ASD) are characterized by varying degrees of enhanced ste­
reotypic behaviors, deficits in social interaction, and defects in communication ( 1 ). Several 
susceptibility genes along with epigenetic and early environmental factors have been 
identified to play a key role ( 2 ). Despite this heterogeneous etiology, cortical imbalance 
in the expression and activity of inhibitory and excitatory neurotransmitters is a convergent 
phenotype that has been found in different forms of autistic behavior ( 3         – 8 ). For example, 
expression of GABA and glutamate is imbalanced in patients and animal models of ASD 
( 9   – 11 ).

 The transmitter expressed by a neuron is not fixed, but is capable of switching in 
response to changes in electrical activity both during development and in adults ( 12         – 17 ). 
Neurotransmitter switching frequently involves downregulation of one transmitter and 
upregulation of another, with matching changes in postsynaptic receptors ( 16 ,  18 ). 
Significantly, neurotransmitter switching often leads to changes in behavior ( 19     – 22 ), 
perhaps because the sign of the synapses by switching neurons changes from excitatory 
to inhibitory or vice versa ( 12 ,  21 ). The role for transmitter switching in disorders of the 
nervous system is now beginning to be understood ( 16 ,  23       – 27 ).

 We hypothesized that transmitter switching is responsible for the emergence of chemical 
imbalance that causes the stereotypic behaviors and social avoidance observed in ASD. 
We tested this hypothesis using two established environmental models of autism. Pregnant 
mice were treated at embryonic day 12.5 with either valproic acid (VPA, an anticonvulsant) 
or Poly Inosine:Cytosine (Poly I:C, to induce maternal immune activation) ( 28 ,  29 ). We 
investigated transmitter switching in the medial prefrontal cortex (mPFC), a region known 
to be affected in ASD ( 30 ,  31 ).

 We identified a transient GABA-to-glutamate switch in response to embryonic exposure 
to VPA or Poly I:C in a subset of interneurons in the mPFC of neonatal mouse pups. 
Adult mice demonstrated enhanced stereotypic behaviors and deficits in social interaction 
in a sex-dependent manner. Reintroducing GAD1 into the same neurons postnatally with 
viral tools to override the switch rescued normal adult behavior in male and female mice. 
These results are consistent with evidence that alteration in electrical signaling in the 
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nervous system during the early stages of its construction can have 
negative consequences for the function of the mature brain 
( 32       – 36 ). 

Results

Embryonic Exposure to VPA or Poly I:C Alters Neurotransmitter 
Identity in Neonatal Mice. Management of seizures in pregnant 
women with VPA or maternal viral infection during pregnancy has 
been associated with increased incidence of ASD and schizophrenia 
in their offspring (37–39). Because ASD is a developmental disorder 
(40), we used mouse models of these environmental influences to 

investigate the underlying brain plasticity in newborn pups. We 
injected pregnant mice at E12.5 with saline, VPA, or Poly I:C 
(Fig. 1A). The timing of this treatment elicits autistic-like behaviors 
in adult male and female mice (28, 29, 41). Because the GABA 
switch from depolarizing to hyperpolarizing occurs between P2 
and P9 in mice (42, 43) and reliable PV expression occurs in mice 
at P10 (44), we began our investigation of changes in transmitter 
identity at P10. We started at this early stage in order to reveal the 
primary or near-primary cause of ASD-like behavior induced by 
VPA and by Poly I:C and avoid study of secondary, tertiary, or later 
consequences of the primary change. We immunostained brain 
sections for GAD67, GABA, and VGLUT1 and focused on the 
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Fig. 1.   Prenatal exposure to VPA or Poly I:C changes the number of GABAergic and glutamatergic cells in the mPFC of P10 postnatal mice and changes 
the behavioral phenotype of P90 adults although the differences in transmitter identity are no longer present. (A) Experimental protocol. Following a single 
intraperitoneal (IP) dose of saline, VPA, or Poly I:C administered to pregnant dams at embryonic day (E) 12.5, mice were perfused at P10 or P90 for immunostaining 
and RNAscope. (B–D) Postnatal day (P) 10 mice from saline, VPA, and Poly I:C groups were processed for immunostaining for GAD67 (B, Left), GABA (B, Right), or 
RNAscope with VGLUT1 (D). Arrows indicate positive cells. (C) Higher magnification of GAD67 stain in dashed boxes in B. (E–G) Stereological counts of GAD67+ 
cells GABA+ cells and VGLUT1+ cells in P10 mice. (H) Number of marbles buried during a 10-min test period is higher in adult (P90) VPA- and Poly I:C-treated 
mice compared to saline controls for both males (♂, Left graph) and females (♀, Right graph). (I) Left, adult VPA- and Poly I:C-treated male mice spend more time 
grooming during a 10-min test period compared to controls. Right, no difference in grooming time across female groups of mice. (J) Left, control male mice 
show preference for social stimulus (conspecific) over novel object (social interaction index) in a 10-min three-chamber social interaction test. No preference for 
social stimulus for VPA- and Poly I:C-treated male mice. Right, females treated with VPA or Poly I:C exhibit preference for social stimulus, like controls. (K and L) 
Stereological counts of GAD67+ cells and VGLUT1+ cells in P90 males (K) and females (L). n ≥ 5 mice (Materials and Methods). *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001, one-way ANOVA followed by the multiple comparison test (see Dataset S1 for details). Error bars: SD.

http://www.pnas.org/lookup/doi/10.1073/pnas.2406928121#supplementary-materials
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mPFC where signaling appears disrupted in autistic individuals and 
in mouse models of autism (45).

 We observed a decrease in the number of neurons expressing 
GAD67 and GABA and an equal increase in the number of neu­
rons expressing VGLUT1 in the mPFC of P10 mice born to 
mothers that had received injections of VPA or Poly I:C, relative 
to control mice from pregnant mothers that had received saline 
injections. Stereological scoring confirmed this observation, indi­
cating a loss of ~5,000 neurons stained for GAD67 and GABA 
and a gain of ~5,000 neurons stained for VGLUT1 in response 
to either drug ( Fig. 1 B –E   and Dataset S1 ).

 We found that changes in the populations of neural progenitor 
cells could not account for the observed changes in numbers of 
GABAergic and glutamatergic neurons. We stained the telenceph­
alon of pups of saline- or drug-treated dams at embryonic (E) 13.5 
mouse for Tbr1 and at E18.5 for Dlx2. These transcription factors 
become expressed by E12.5 and identify precursors of glutamatergic 
and GABAergic neurons, respectively ( 46 ,  47 ). Tbr1 is expressed in 
the cortical plate by E13.5 but telencephalic neurons express Dlx2 
from E16.5 onward. No differences were observed in the numbers 
of Tbr1-stained and Dlx2-stained neurons between saline- and 
drug-treated embryos (SI Appendix, Fig. S1 A –D  and Dataset S2 ). 
At P10 there was no change in the aggregate population of 
GABAergic and glutamatergic neurons ( Fig. 1 B –E   and Dataset S1 ) 
nor in the NeuN+ population (SI Appendix, Fig. S1 E  and F  and 
﻿Dataset S2 ) and evidence for apoptosis was absent (SI Appendix, 
Fig. S1 G  and H  and Dataset S2 ). However, at P10 there was no 
change in the number of neurons expressing GAD67 in the lateral 
prefrontal cortex or the number of neurons expressing nitric oxide 
synthase 1 (NOS1) in the mPFC (SI Appendix, Fig. S2 A –D  and 
﻿Dataset S2 ). These results are consistent with a change in transmitter 
identity specific to a subset of GABAergic neurons in the neonatal 
mPFC.  

Autistic-Like Behavior Develops and Persists to at Least P90. We 
evaluated autistic-like behavior using two tests for stereotypical 
behavior and one test of social interaction. Individuals with ASD 
typically exhibit increased repetitive behaviors and decreased interest 
in interaction with conspecifics. As expected (28, 29, 48), relative 
to saline controls, adult mice at P90, exposed embryonically to 
VPA or Poly I:C, exhibited increased stereotypic behavior. In the 
marble-burying test (49), the mouse was placed in a cage for 10 
min with 20 marbles arrayed on the cage bedding. Male control 
mice buried a mean of 5 marbles while VPA- and Poly I:C-treated 
male mice buried 10 and 18 marbles, respectively (Fig. 1H and 
Dataset S1). In the grooming test (50), grooming time in 10 min 
increased from 25 s in male controls to 38 s and 66 s in VPA- and 
Poly I:C-treated mice (Fig. 1I and Dataset S1). In the 10-min test of 
social interaction (50, 51), male control mice preferred interacting 
with a novel conspecific rather than a novel object (0.70 social 
interaction index), while VPA- and Poly I:C-treated mice displayed 
no preference (0.50 index for each treatment group; Fig. 1J and 
Dataset S1). Thus, adult male mice treated with VPA or Poly I:C 
exhibited abnormal behavior on all three tests. However, adult 
female mice were affected in only the marble-burying test (Fig. 1 
H–J and Dataset S1). In the VPA and Poly I:C treatment groups 
females buried 11 and 10 marbles, respectively. Adult female saline 
control mice buried a single marble. This sex-specific difference in 
autistic-like behavior parallels observations of behavior in humans 
diagnosed with autism (52).

The Change in Transmitter Identity Reverses Spontaneously by 
P30. Notably, at P90 there was no difference in the mPFC, for 
either males or females, in the number of GABAergic neurons or 

in the number of glutamatergic neurons between saline control 
and drug-treated mice (Fig.  1 K and L, and Dataset  S1). We 
found that the change in transmitter identity was present at 
P21 (Fig. 2 A–E and Dataset S1) but was not sustained at P30 
(Fig. 2 F–H and Dataset S1). Both for males and females at this 
stage of development (P30), the number of neurons expressing 
GAD67 and the number of neurons expressing VGLUT1 were 
not different between saline, VPA-, and Poly I:C- treated mice. 
The return to the normal numbers of neurons stained for these 
transmitter markers may have resulted from metabolism and 
clearance of the drugs or from the closure of a critical period 
during which the drugs are effective. Staining for TUNEL, Ki67, 
and DCX at P25 did not detect evidence for apoptosis or for 
neurogenesis (SI Appendix, Fig. S3 and Dataset S2). These results 
suggest that there was a transient change from a GABAergic to 
glutamatergic phenotype in the mPFC, at least 11 d in duration 
(from P10 to P21), which reverses after P21.

The Change in Transmitter Identity Occurs in Parvalbumin 
and Cholecystokinin Neurons. We next sought the identity of 
the neurons that gained expression of VGLUT1. GABAergic 
neurons in the mPFC coexpress a range of different calcium-
binding proteins or neuropeptides (53). We followed maternal 
injection of VPA or Poly I:C with immunostaining of neurons 
at P12 for different calcium-binding proteins [calbindin 
(CB), calretinin (CR), parvalbumin (PV)] or peptide neuro­
modulators [somatostatin (SST), NOS, cholecystokinin (CCK)]. 
Stereological counts demonstrated a decrease at P12, in both 
males and females, in the number of PV and CCK neurons 
and no decrease in the number of CB, CR, SOM, and NOS1 
neurons (Fig. 3 A–H and Dataset S1). Apoptosis was not detected 
(SI  Appendix, Fig.  S1I and Dataset  S2) and PV neurons can 
survive after loss of PV (54, 55). The decrease in the number of 
PV and CCK neurons matched the decrease in the number of 
GABAergic neurons (Fig. 3I and Dataset S1) and the increase in 
the number of VGLUT1 neurons. These findings suggested that 
VGLUT1 appeared in neurons that formerly expressed PV and 
CCK. We observed a similar decrease in PV and CCK neurons in 
the absence of apoptosis at P21, suggesting continued expression 
of the glutamatergic phenotype in these neurons (SI Appendix, 
Fig. S4 and Dataset S2). Loss of PV basket cell interneurons 
occurs in subregions of the PFC in postmortem tissue from 
autistic subjects (56), along with loss of the GABA transporter, 
VGAT (57), with loss in one subregion correlated with the 
severity of stereotypic motor behavior (58). At P90 there was 
no difference in the number of PV neurons or CCK neurons 
between saline control and drug-treated mice (PV: saline 8,639 
± 412, VPA 8,264 ± 294 and Poly I:C 8,378 ± 474; CCK; 
saline 3,007 ± 108, VPA 2,904 ± 138 and Poly I:C 3,016 ± 82) 
(SI Appendix, Fig. S5 A and B and Dataset S2). The age at which 
PV and CCK expression reappears in VPA- and Poly I:C-treated 
mice remains to be determined.

The Transmitter Switch Occurs in Single PV and CCK Neurons. 
To determine first whether transmitter switching occurs in single 
GABAergic neurons, we treated pregnant VGATCre::ZsGreen mice 
with Poly I:C or saline at E12.5 and stained the mPFC for VLGUT1 
and GAD1 at P10. The vesicular GABA transporter VGAT drove 
Zsgreen labeling in GAD1+ GABAergic neurons in the mPFC of 
saline-treated mice, and VGLUT1-labeled neurons did not express 
Zsgreen. However, VGAT drove Zsgreen labeling of cells that were 
VGLUT1+ but GAD1- in the mPFC of Poly I:C-treated mice 
(SI Appendix, Fig. S6 and Dataset S2). The Zsgreen label identified 
these neurons as previously GABAergic, while VGLUT1 suggested 
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they were now glutamatergic. These results provide evidence for 
transmitter switching in single GABAergic neurons.

 To learn next whether transmitter switching occurs in single 
GABAergic neurons that coexpress either PV or CCK, we next gen­
erated a PV-Cre::CCK-Cre mouse line in order to label PV and 
CCK neurons with Cre-dependent GFP and examine VGLUT1 
expression in GFP+ neurons. The specificities of PV-Cre and 
CCK-Cre lines were determined in male mice and found to be 97 
± 3% and 90 ± 4%, respectively (SI Appendix, Fig. S5 C , D, F , G, 
and I –K ) (Materials and Methods ). We then immunostained Cre, 
PV, and CCK in sections of P10 PV-Cre and CCK-Cre mice treated 
with VPA or Poly I:C, to determine whether neurons that have lost 
PV or CCK continue to express Cre. We also immunostained Cre 
and probed for PV and CCK, to determine whether neurons that 
have lost detectable PV or CCK transcripts continue to express Cre. 
These experiments demonstrated that, compared to saline controls, 

more cells are Cre+ but PV- and CCK- in VPA- and Poly I:C-treated 
mice (SI Appendix, Figs. S7 and S8 , and Dataset S2 ). Herpes simplex 
virus (HSV) is an attractive vector with which to introduce GFP, 
because it expresses rapidly, within a few days ( 59 ), as required for a 
transmitter switch that persists for only a brief period. The efficiency 
of expression of HSV-DIO-GFP in the PV-Cre::CCK-Cre line was 
found to be 92% (SI Appendix, Fig. S5 D , G, and L﻿ ) (Materials and 
Methods ). The decrease in GABA and increase in VGLUT1 were 
recapitulated in PV-Cre::CCK-Cre transgenic mice (SI Appendix, 
Fig. S9  and Dataset S2 ). Stereotaxic injection of P9 PV-Cre::CCK-Cre 
VPA- and Poly I:C-treated embryos with Cre-dependent HSV-GFP 
revealed a population of neurons in the neonatal mPFC at P12 and 
P21 that expressed GFP and VGLUT but not GABA ( Fig. 4 A –K   
and Dataset S1 ). These experiments demonstrate in male and female 
mice that a subset of PV-Cre::CCK-Cre GABAergic neurons express 
VGLUT1 in response to maternal Poly I:C or VPA treatment, with 
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Fig. 2.   The change in transmitter identity is present in the mPFC at P21 but is not observed at P30. (A) Experimental protocol. Following a single IP dose of saline, 
VPA, or Poly I:C administered to pregnant dams at embryonic day (E) 12.5, mice were perfused at P21 or P30 for immunostaining and RNAscope. (B) Three-
week postnatal (P21) males (♂) from saline, VPA-, and Poly I:C-treated groups were processed for immunostaining for GAD67 or RNAscope for VGLUT1. Arrows 
indicate positive cells. (C) Higher magnification of GAD67 in dashed boxes in B. (D and E) Stereological counts of GAD67+ and VGLUT1+ cells in P21 males (D) and 
females (E). (F) One-month-old (P30) males (♂) from saline, VPA-, and Poly I:C-treated groups were processed for immunostaining for GAD67 or RNAscope for 
VGLUT1. Arrows indicate positive cells. (G and H) Stereological counts of GAD67+ cells and VGLUT1+ cells in P30 males (G) and females (H). n ≥ 3 mice (Materials 
and Methods). ***P < 0.001; ****P < 0.0001, one-way ANOVA followed by the multiple comparison test (see Dataset S1 for details). Error bars: SD.
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concomitant loss of GABA expression, providing evidence that neu­
rotransmitter switching occurs in single PV neurons and CCK 
neurons.          

Overriding the Transmitter Switch in Neonates Prevents the 
Development of Autistic-Like Behavior in Adult Mice. To test 
the role of the transmitter switch in generating autistic behaviors, 
we restored GAD67 specifically in PV and CCK neurons in the 
mPFC. Previous work demonstrated that overriding one of the 
two transmitter changes in a switch can prevent the change in 
behavior associated with the switch (21). We stereotactically 
injected Cre-dependent HSV-GAD1-GFP in VPA- and Poly 

I:C-treated PV-Cre::CCK-Cre mice at P9 and scored the results at 
P12. GFP and GAD67 or GABA were colocalized in drug-treated 
mice. The expression of the GABAergic phenotype was coupled 
with reduced staining of VGLUT1 in GFP-labeled cells. In VPA- 
and Poly I:C-treated controls injected with HSV-GFP at P10, 
VGLUT1 staining colocalized with GFP and the GABA expression 
was absent at P12 (Fig. 5 A–D and Dataset S1). Restoring GAD67 
expression in the mPFC of PV-Cre::CCK-Cre mice returned 
marble burying, grooming, and the social interaction index to 
control levels in adult male Poly I:C and VPA mice and returned 
marble burying to control levels in adult female VPA- and Poly I:C 
mice (Fig. 6 A–D and Dataset S1). These results provide evidence 

A

B

C

D

G H I

E F

Fig. 3.   PV and CCK interneurons account for the decrease in the number of neurons expressing GAD67+ and GABA+ that matches the increase in the number of 
neurons expressing VGLUT1+ in the mPFC of VPA- and Poly I:C-treated mice. (A–C) Postnatal day (P) 10 C57Bl6 pups from saline, VPA-, and Poly I:C-treated dams 
were immunostained for PV (A), CCK (B), and somatostatin (SST), CR, and CB (C). Arrows indicate positive cells (see SI Appendix, Fig. S1 for NOS immunostaining). 
(A and B) Lower panels, higher magnifications of regions indicated by dashed boxes for PV (A) and CCK (B). (D–I) Stereological counting of PV (D), CCK (E), SST (F),  
CR (G), and CB (H) cells. (I) Combined counts of all the GABAergic cell subtypes analyzed—PV, CCK, and others (SST, CR, CB, and NOS1). n ≥ 6 mice for all.  
****P < 0.0001 one-way ANOVA followed by the multiple comparison test (see Dataset S1 for details). Error bars: SD.
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Fig. 4.   HSV-GFP transfection of the P9 mPFC of PVCre::CCKCre VPA- and Poly I:C-treated mice identifies a transmitter switch at the single-cell level in the mPFC at P12 
and at P21. (A) Experimental protocol for treatment of PVCre::CCKCre transgenic mice. Following a single IP injection of saline, VPA, or Poly I:C at embryonic day (E) 12.5,  
mice were injected in the mPFC with Cre-dependent HSV-GFP at P9 and processed at P12 and P21 for RNAscope for VGLUT1 and immunostaining for GABA.  
(B) GFP expression in the P12 mPFC (dotted lines) following unilateral HSV-GFP injection in PVCre::CCKCre mice. The Inset shows higher magnification of the boxed area. 
LV, lateral ventricle. (C) GFP expression in the P12 mPFC following bilateral HSV-GFP injection, stained for VGLUT1 (Top panels) or for GABA (Bottom panels). Arrows 
indicate GFP+VGLUT1+ or GFP+GABA+ cells. Dotted circles indicate GFP+GABA- cells. (D and E) Counts of GFP+VGLUT1+ cells (D) and counts of GFP+GABA+ cells (E) per 
mouse. n = 3 mice. ****P < 0.0001, unpaired two-tailed t-test. (F) P21 PVCre::CCKCre male mice injected with HSV-GFP from saline, VPA-, and Poly I:C-treated groups 
were processed for RNAscope for VGLUT1 (Top panels) or immunostained for GABA (Bottom panels). Arrows indicate GFP+VGLUT1+ or GFP+GABA+ cells. Dotted 
circles indicate GFP+GABA− cells. (G and H) Counts of GFP+VGLUT1+ cells (G) GFP+GABA+ cells (H) per mouse. n ≥ 3 mice. (I) P21 PVCre::CCKCre female mice injected 
with HSV-GFP from control, VPA- and Poly I:C-treated groups were processed for RNAscope for VGLUT1 (Top panels) or immunostained for GABA (Bottom panels). 
Arrows indicate GFP+VGLUT1+ or GFP+GABA+ cells. Dotted circles indicate GFP+GABA- cells. (J and K) Counts of GFP+VGLUT1+ cells (J) GFP+GABA+ cells (K) per mouse.  
n ≥ 3 mice (Materials and Methods). ***P < 0.001, ****P < 0.0001, one-way ANOVA followed by the multiple comparison test (see Dataset S1 for details). Error bars: SD.

http://www.pnas.org/lookup/doi/10.1073/pnas.2406928121#supplementary-materials
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for the contribution of an early, transient GABA-to-glutamate 
transmitter switch to changes in behavior that are characteristic 
of ASD.

Discussion

 Embryonic exposure to either VPA or Poly I:C causes a neuro­
transmitter switch, in which PV and CCK interneurons in the 
neonatal mPFC transiently lose their expression of GABA, 
GAD67, PV, and CCK and gain expression of VGLUT1. These 
mice exhibit autistic-like behaviors as adults. Expressing GAD1 
in PV and CCK neurons in the neonatal mPFC prevents devel­
opment of these behaviors. The switch from GABAergic to glu­
tamatergic phenotype involves the loss of a neuropeptide (CCK) 
and a calcium buffer (PV). The different roles of the decrease in 
GABA, CCK, and PV and the increase in glutamate merit further 
investigation. Although each of these two drugs has other effects, 
both of them produce the same transmitter switch and the same 
changes in behavior, and the changes in behavior are prevented 
by overriding the transmitter switch produced by each drug. 
Whether stress plays a role in causing the transmitter switch, as 
reported in a different context ( 24 ), is unknown. The expression 
of GAD1 in neurons that already express it (nonswitching neu­
rons) is unlikely to contribute to the restoration of normal behav­
ior, since increased GABA levels cause a decrease in the level of 
GAD67 ( 60 ). It will be of interest to learn whether other environ­
mental cues, or the same cues at different stages of development, 
affect transmitter identity in other populations of interneurons 
and contribute to other disorders.

 Disruption of the PFC elicits behaviors that are symptomatic 
of ASD in human subjects ( 61 ). The mPFC undergoes extensive 
structural and functional development in the first 2 wk of devel­
opment in the mouse ( 62 ) and exhibits a critical window for 

spontaneous synchronous activity between P0 and P15 that peaks 
between P9 and P10 ( 63 ). The change from inhibition to excita­
tion of postsynaptic cells in response to VPA or Poly I:C will alter 
electrical activity that can regulate proliferation, migration, and 
differentiation in early neuronal development ( 64 ). These changes 
in inhibitory and excitatory synaptic transmission at early post­
natal stages are likely to alter neuronal and glial differentiation 
and the assembly of brain circuitry, contributing to autistic behav­
ior that appears later in development. Signaling by calcium and 
other second messengers that are abundant at early stages of devel­
opment can have exceptional impact during critical periods of 
differentiation ( 65 ,  66 ). In addition to autism, there are numerous 
instances of environmental and genetic impacts on early develop­
ment that alter behavior later in the young individual and in the 
adult.

 The mechanisms by which VPA and Poly I:C drive the trans­
mitter switch are presently unknown. However, early in neuronal 
development, the NKCC1 transporter imports chloride ions, 
elevates [Cl- ]i,  and GABA is depolarizing. Both VPA ( 67 ) and Poly 
I:C ( 68 ,  69 ) increase the expression of NKCC1. Later in devel­
opment, the KCC2 transporter exports chloride ions, lowers [Cl− ]i,  
and GABA is hyperpolarizing. Both Poly I:C ( 68 ) and VPA ( 70 ) 
decrease the expression of KCC2. Thus, both drugs may enhance 
the level and duration of neuronal depolarization by systemic 
release of GABA, potentially driving activity-dependent GABA- 
to-glutamate switching ( 25 ,  71 ). Bumetanide blocks NKCC1, 
preventing the import of chloride ions when administered early 
in development ( 32 ), and makes the action of GABA more hyper­
polarizing. On this view, repeated bumetanide administration 1 d 
before delivery, to sustain suppression of increased activity, may 
prevent the activity-dependent transmitter switch. How the PV 
and CCK neurons are specifically affected by VPA and Poly I:C 
remains to be determined. Preferential sensitivity of their chloride 

Fig. 5.   Expression of GAD1 in PV and CCK neurons rescues loss of GAD1 and gain of VGLUT1. (A) Experimental protocol. Following a single IP dose of saline, 
VPA, or Poly I:C in pregnant dams at E 12.5, PVCre-CCKCre transgenic mice were injected bilaterally with Cre-dependent HSV-GFP or HSV-GAD1-GFP at P9 and 
perfused at P12 for RNAscope for GAD1 and VGLUT1. (B) Images of GAD1+ neurons in Poly I:C treated PVCre-CCKCre mice injected with HSV-GFP or HSV-GAD1-
GFP. Arrows indicate GFP+GAD1+ cells. Dotted circles indicate GFP+GAD1− cells. (C and D) Stereological counts of neurons of P12 PVCre-CCKCre mice injected 
with HSV-GFP or HSV-GAD1-GFP from saline, VPA-, and Poly I:C-treated groups and processed for RNAscope for GAD1 (C) or VGLUT1 (D). n ≥ 3 (Materials and 
Methods). *P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001, two-way ANOVA followed by multiple comparison (see Dataset S1 for details).

http://www.pnas.org/lookup/doi/10.1073/pnas.2406928121#supplementary-materials
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cotransporters to these drugs, driving their electrical activity to a 
higher level than other interneurons, could be sufficient to elicit 
the transmitter switch.

 The absence of a sex difference in transmitter switching in 
response to VPA or Poly I:C administration needs to be reconciled 

with the sex differences in behavior. Differences in the level of 
testosterone or the androgen-to-estrogen balance may regulate 
behavior ( 72 ) downstream of transmitter switching. VPA also 
induces sex-dependent differences in x-linked gene expression and 
in inflammation pathways ( 73 ). Poly I:C causes a decrease in 
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Fig. 6.   Expression of GAD1 in the P9 neonatal mPFC of PVCre::CCKCre VPA- and Poly I:C-treated mice rescues behavioral phenotypes of P90 adults. (A) Experimental 
protocol. Following a single IP dose of saline, VPA, or Poly I:C administered to pregnant dams at embryonic day (E) 12.5, PVCre-CCKCre transgenic mice were 
injected bilaterally with Cre-dependent HSV-GFP or HSV-GAD1-GFP at P9 and behavior was analyzed at P90. (B) Total number of marbles buried at the end of a 
20 min test period by GAD1-GFP-expressing VPA- and Poly I:C-treated animals (green border) is similar to control groups (saline-treated mice expressing either 
HSV-GFP or HSV-GFP-GAD1) for both males (♂, Left graph) and females (♀, Right graph). (C) Left, adult GAD1-GFP-expressing VPA- and Poly I:C-treated male mice 
and control mice spend less time grooming compared to GFP-expressing VPA- and Poly I:C-treated mice. Right, no difference in grooming time across female 
groups of mice. (D) Left, control male mice show preference for social stimulus (conspecific) over inanimate object (social interaction index) in a three-chamber 
social interaction test. Preference for social stimulus is at chance level for VPA- and Poly I:C-treated male mice and is similar to saline controls in GAD-GFP-
expressing VPA- and Poly I:C-treated mice. Right, female mice treated with VPA or Poly I:C continue to exhibit preference for social stimulus similar to controls. 
n ≥ 4 mice (Materials and Methods). **P < 0.01; ***P < 0.001; ****P < 0.0001, two-way ANOVA (multiple comparison) (see Dataset S1 for details). Error bars: SD.

http://www.pnas.org/lookup/doi/10.1073/pnas.2406928121#supplementary-materials
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anti-inflammatory factors in male mice and an increase in these 
factors in female mice ( 74 ). These findings are consistent with 
compensation by anti-inflammatory factors in female mice that 
renders some behaviors indistinguishable from normal. More 
research is needed to identify what may be multifactorial regula­
tion of sex differences in autistic behaviors.

 Mice with genetic mutations that cause ASD can exhibit devel­
opmentally expressed decreases in GABAergic markers or increases 
in glutamatergic markers in the cortex that parallel the GABA-to- 
glutamate transmitter switch described here. Mice null for Cntnap2  
have a reduced number of PV GABAergic neurons and GAD1 
expression at P14 that is associated with defective migration and 
exhibit autistic behavior ( 75 ). Mice with haploinsufficiency of Arid1b  
have a reduced number of PV GABAergic neurons and GABA 
expression at P28 that is associated with reduced proliferation and 
enhanced apoptosis and show autistic behavior ( 76 ). Mice with hap­
loinsufficiency of Mdga2 , which is associated with reduced neuroligin- 
1–neurexin interaction and is normally expressed in cortex and in 
PV GABAergic neurons at P14, have increased density of excitatory 
synapses, synaptic surface AMPA receptor levels and early-LTP, and 
demonstrate autistic behavior ( 77 ). Recordings from Shank3B-mutant 
mice lacking the synaptic PDZ domain at P0 and P15 reveal 
increased frequency of excitatory mPSCs and decreased expression 
of PV in synaptic puncta ( 78 ). These mutations generate an early 
imbalance in excitatory and inhibitory transmitter expression that 
is similar to that produced by environmental factors, suggesting that 
transmitter switching may be common to both forms of autism.  

Materials and Methods

Mice. C57BL/6J (JAX#000664), PV-Cre (JAX#017320), CCK-IRES-Cre (JAX#012706), 
VGAT-IRES-Cre (JAX#028862), and B6.Cg-Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J 
(ZsGreen, JAX#007906) male and female mice were obtained from Jackson 
Laboratories. Heterozygous VGAT-Cre animals were bred with homozygous ZsGreen 
mice to obtain VGAT-Cre+/−::ZsGreen+/− experimental mice. PV-Cre and CCK-Cre 
mice were maintained as homozygotes. All animal procedures were carried out in 
accordance with NIH guidelines and approved by the University of California, San 
Diego, Institutional Animal Care and Use Committee. Mice were maintained on a 
12 h:12 h light:dark cycle (light on: 7:00 am to 7:00 pm) with ad libitum access to 
food (7912.15 Irradiated Teklad LM Mouse diet) and water. Temperature was main­
tained at ~23 °C with 40 to 60% humidity. Mice were preferentially housed 2 or 3 per 
cage with nesting material. After receiving surgery, mice were single-housed with 
nesting material. Age groups used for experiments on mouse offspring included 
postnatal day (P) P5, P9, P10, P12, P21, P30, and P90 mice. Identification of gender 
is difficult at P5 to P12, but male and female mice were investigated separately at 
P21, P30, and P90. We presume that males and females were included in the P5 to 
P12 populations. To generate environmental models of autism, pregnant females 
at E12.5 were injected intraperitoneally with either 5 mg/kg Poly IC or 300 mg/kg 
of VPA (or saline control). The pups born to these females were either anesthetized 
and perfused or used for behavioral assays at the indicated time points.

Behavioral Assays. For all behavioral experiments mice were habituated to the 
room and the experimenter for 1 wk before testing.
Marble burying assay. The marble-burying assay is a simple but powerful test 
of the presence of repetitive behaviors in mice (49). It takes advantage of the 
proclivity of mice to dig in their natural environment and into standard cage 
beddings. We placed standard glass marbles on the surface of bedding in five 
rows of four marbles. The mouse was introduced at the corner of the cage and left 
undisturbed for 10 min. At the end of the test, the number of marbles buried by 
the animal was scored, providing a direct measure of repetitive burying behavior 
by the mouse.
Self-grooming assay. Mice normally scratch and brush their hair with their fore­
limbs. However, when this self-grooming behavior is performed at a higher rate 
and for a longer duration it is considered repetitive behavior (50). A mouse was 
placed in a standard cage and its behavior was videotaped for 10 min. Self-
grooming involves face wiping, rubbing of the head area including ears, cleaning 

of the entire body for a period of at least 10 s and scratching. Self-grooming time 
was scored for each video by two independent observers.
Social interaction assay. We tested social interaction using the three-chambered 
social approach task (50, 51). This task employs a central chamber for introducing 
the test mouse, a second chamber containing the novel conspecific, and a third 
containing a novel object. Prior to the task, test and novel mice were weighed 
and paired for the task such that the conspecific novel mouse was matched to 
the test mouse with respect to gender, age, and weight (not heavier or lighter 
than 5% test mouse weight). The behavior of the test mouse was monitored for 
a period of 10 min.

Histology. Mice were deeply anesthetized with isoflurane vapor and perfused 
transcardially with phosphate-buffered saline (PBS) followed by 4% paraform­
aldehyde (PFA) in PBS. Brains were dissected and postfixed in 4% PFA overnight  
at 4 °C and transferred to 30% sucrose in PBS for 2 d at 4 °C. 30 μm thick 
coronal sections were obtained using a microtome (Leica SM2010R) and immu­
nostained. For long-term preservation, sections were stored in cryoprotectant 
solution (30% glycerol, 30% ethylene glycol, 20% 0.2 M phosphate buffer) 
at −20 °C.
Immunohistochemistry. For immunostaining, sections were permeabilized in 
0.3% Triton X-100 in PBS and blocked in 24-well culture plates (blocking solution: 
5% normal horse serum, 0.3% Triton X-100 in PBS) for 2 h at room temperature 
(22 to 24 °C). Primary and secondary antibodies were diluted in the blocking solu­
tion. Incubation with primary antibodies was performed overnight on a rotator 
at 4 °C. After washing in PBS (three times, 15 min each), secondary antibodies 
were added for 2 h at room temperature. For immunofluorescence, sections were 
mounted with Fluoromount-G (Southern Biotech) containing DRAQ-5 (Thermo 
Fisher, 62251, 1:1,000 dilution; when nuclear staining was needed) after washes 
in PBS (three times, 15 min each).

For DAB (3,3′-Diaminobenzidine) staining, sections were treated with 0.3% 
hydrogen peroxide for 30 min, washed in PBS (three times, 5 min each), incu­
bated with Vectastain Elite ABC HRP mixture (Vector Laboratories, PK-6100) for 
45 min, washed in PBS (three times, 15 min each), and signals were developed 
using the DAB Peroxidase Substrate kit (Vector Laboratories, SK-4100).

Primary antibodies used in this study were rabbit-anti-GABA (Sigma-Aldrich, 
A2052, 1:1,000), guinea pig-anti-GABA (Sigma-Aldrich, AB175, 1:1,000), mouse-
anti-GAD67 (Millipore, MAB5406, 1:500), rabbit-anti-PV (Swant, PV27, 1:2,000), 
mouse-anti-PV (Millipore, P3088, 1:1,000), rabbit-anti-CCK (Immunostar, 
20078, 1:200), mouse-anti-Calretinin (Millipore, MAB1568, 1:500), mouse-
anti-Somatostatin (GeneTex, GTX1935, 1:500), rabbit-anti-Calbindin (abcam, 
ab11425, 1:1,000) rabbit-anti-GFP (Thermo Fisher, A11122, 1:1,000), chicken 
anti-GFP (Abcam, ab13970, 1:1,000), rabbit-anti-nNOS (Thermo Fisher, 61-7000, 
1:500), mouse-anti-NeuN (Millipore, MAB377, 1:500), rabbit-anti-zsGreen 
(Takara, 632474, 1:500).

Secondary antibodies for immunofluorescence were from Jackson Immuno­
Research Labs and used at a concentration of 1:500: Alexa Fluor-488 donkey-anti-
rabbit (705-545-003), Alexa Fluor-488 donkey-anti-guinea pig (706-545-148), 
Alexa Fluor-488 donkey-anti-mouse (715-545-150), Alexa Fluor-594 donkey-anti-
mouse (715-585-150), and Alexa Fluor-647 donkey-anti-rabbit (711-605-152). 
Biotinylated goat anti-rabbit (BA-1000) and secondary antibodies for DAB staining 
were from Vector Laboratories and used at a concentration of 1:500.
RNAscope. Fluorescent RNAscope in situ hybridization was performed according 
to the manufacturer’s instructions (Advanced Cell Diagnostics) with some mod­
ifications as described previously (25): in an RNase-free environment, 20-μm 
fixed brain sections were mounted on Superfrost Plus slides immediately after 
microtome sectioning and air-dried in a 60 °C oven for 30 min. Sections were 
rehydrated in PBS for 2 min and incubated for 5 min in 1X target retrieval solu­
tion at 95 °C. After one rinse in distilled water (2 min), sections were dehydrated 
with 100% ethanol for 5 s, air-dried, and incubated for 10 min in 5% hydrogen 
peroxide at 22 °C. Sections were then incubated in a HybEZ humidified oven at 
40 °C with protease III for 30 min, and later with the probe solution for 2 h. After 
incubation with the probes, slides were incubated o/n in a solution of SSC5X at 
22 °C. The next day, sections were incubated with the following solutions in a 
HybEZ humidified oven at 40 °C with three rinsing steps in between each: ampli­
fication Amp-1, 30 min; Amp-2, 30 min; Amp-3, 15 min. For each probe used, 
sections were incubated in a HybEZ humidified oven at 40 °C with the following 
solutions: HRP-C1, -C2, or -C3 (depending on the probe) for 15 min, Opal dye 
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of choice for 30 min, and HRP-blocker for 15 min. Opal 520 (Akoya Biosciences, 
FP1487001KT), Opal 570 (Akoya Biosciences, FP1488001KT), and/or Opal 690 
(Akoya Biosciences, FP1497001KT) dyes were used for fluorescent labeling. To 
achieve a fully amplified signal, the Opal dyes were used at a dilution of 1:1500.

The following probes were used: mouse Probe- Mm-Slc17a7 (VGLUT1) 
(Advanced Cell Diagnostics, 416631) and Probe- Mm-GAD1 (Advanced Cell 
Diagnostics, 400951).
TUNEL assay. The in situ Cell Death Detection (TUNEL) Kit with TMR Red (Roche, 
12156792910) was used to detect in situ apoptosis as described previously (21, 25).  
Briefly, 30 µm cryosections were refixed with 1% PFA for 20 min at 22 to 24 °C 
and rinsed with PBS (three times, 5 min each). Sections were then permeabilized 
in 0.1% sodium citrate and 1% Triton X-100 for 1 h at 22 to 24 °C. After rinsing 
in PBS (three times, 5 min each), sections were incubated with TUNEL reaction 
solution according to the vendor’s instruction, i.e., incubated in a mixture of 
25 μL of terminal-deoxynucleotidyl transferase solution and 225 μL of label solu­
tion. Incubation was performed in a humidified chamber for 3 h at 37 °C in the 
dark. Sections were rinsed and mounted with Fluoromount containing DRAQ-5 
(1:1,000). For a positive control, sections were treated with DNase I (10 U/mL, 
New England Biolabs, M0303S) for 1 h at 37 °C and rinsed in PBS (three times, 
5 min each), followed by incubation with the TUNEL mixture.

Imaging. Images were acquired with a Leica SP5 confocal microscope with a 
25×/0.95 water-immersion objective and a z resolution of 1 μm for immunohis­
tochemistry and 0.7 μm for RNAscope, or with Leica Stellaris 5 with a 20×/0.75 
CS2 dry objective and a z resolution of 1 μm for immunohistochemistry and 
0.7 μm for RNAscope.

Stereological Quantification. All counts were performed by investigators 
double-blinded to the origin of each section using either Stereo Investigator 
or Image-J/Fiji.

Stereo Investigator software (MBF Bioscience) was used to exhaustively count DAB 
immunostained cells. Counting was carried out using optical fractionator sampling on 
a Zeiss Axioskop 2 microscope (40×/0.65 Ph2 objective) equipped with a motorized 
stage. The population of medial prefrontal cortex neurons was outlined on the basis 
of NeuN immunolabeling, with reference to a coronal atlas of the mouse brain and 
anatomical landmarks such as fiber tracts (79). To count GABAergic (GAD67+/PV+/
CCK+) and glutamatergic neurons (VGLUT1+) in the sections, an adjacent section was 
stained for NeuN to define the ROI for the boundaries of mPFC. The area of the ROI 
and the cell density were compared between the control and experimental groups 
to ensure that the counted areas were comparable between the two groups and that 
changes in cell density were consistent with changes in the absolute counts. Pilot 
experiments with continuous counting determined that counting every 6th section 
was sufficient to estimate the number of GABAergic, glutamatergic neurons in the 
mPFC of each brain. Consequently, five to six sections were counted for each mouse 
brain. The average section thickness was measured prior to counting. Sections shrank 
from 30 μm to 20 to 22 μm after staining and dehydration. Exhaustive counting 
was performed, and no sampling grid was skipped. Counting was performed by two 
investigators double-blinded to the origin of the sections.

When using ImageJ/FIJI, fluorescent cell counts were performed by examining 
all sections within the confocal stacks without maximal projection as described 
earlier (25). Only neurons showing colocalization in at least three consecutive 
z-planes were included in the coexpression group. mPFC sections were analyzed 
from Bregma +2.8 mm to Bregma +1.54 mm, according to the Paxinos Mouse 
Brain Atlas. mPFC boundaries were determined based on the cytoarchitecture, as 
previously described (80, 81). 6-to-8 sections were counted for each mouse brain. 
The total number of coexpressing neurons was later calculated by multiplying the 
number of counted cells by 6-to-8. To check for equal sampling across experimen­
tal groups, the total number of mPFC ZsGreen+ neurons were counted in order to 
assure that their number was not significantly different across treatment groups.
Quantification of Gad1 and VglutT1 mRNA expression. After RNAscope, seven 
optical sections (0.7 μm z step) of each physical section were examined as 
described previously (21, 25). Briefly, regions of interest (ROIs) were drawn to 
define the boundaries of mPFC using the Draq5 counterstain. Colocalization of 

ZsGreen+ cells with GAD1+ cells and with VGluT1+ cells was quantified using 
ImageJ with JACoP plugin. For cell counting, all slices within the confocal stack 
were examined without maximal projection. Images were analyzed exhaustively. 
This entailed scoring all neurons in every sixth section through the entire mPFC 
and reporting the number of cells for the number of mice examined. For each 
cell, boundaries were drawn using the optical section in which the cross-sectional 
area of the cell was the largest. The average area of ROIs for cells and the mPFC 
was consistent between the saline control and drug-treated groups. We included 
negative controls using a probe targeting a bacterial-origin gene dapB (Catalog 
number: 310043; GeneBank: EF191515) in each batch of experiments.

Stereotaxic Injections and Viral Constructs. Stereotaxic injections were 
performed as described previously (21, 25). Briefly, all surgical equipment was 
dry-heat sterilized using glass beads and the surgery area was disinfected with 
quaternary ammonium disinfectant (RX44). P7 to P8 pups were anesthetized 
using 3 to 4% vaporized Isoflurane and head-fixed on small animal stereotaxic 
apparatus (David Kopf Instruments Model 963) with nonrupture ear bars (Kopf 
model 922). Anesthesia was maintained throughout the procedure at a level that 
prevented reflex response to a tail/toe pinch, using a continuous flow of 1 to 2% 
vaporized Isoflurane. Eye drops were placed on each eye to prevent them from 
drying out, and vitals were checked every 10 min. The skin at the incision site was 
shaved with professional hair clippers. The bare skin was cleaned with ethanol 
and Betadine. Pups were placed on warming pads before and after injection. 
An incision was made to expose the skull from 2 to 3 mm anterior to bregma 
to 2 to 3 mm posterior to lambda. After removal of the fascia and cleaning with 
saline solution, 1 small burr hole (approx. 0.5 mm in diameter) was drilled in 
each hemisphere. Stereotaxic coordinates for the injection sites were determined 
using the Paxinos Brain Atlas and adjusted experimentally to x(M-L) = −0.183, 
y(R-C) = 1.335, z(D-V) = 0.6. A microsyringe (<0. 5 mm glass needle diameter, 
Warner Instruments, no. G150TF-4) was lowered through each of the holes, and 
a volume of 1 µL of a solution containing short-term HSV constructs (1 × 106 
infectious particles/mL) (HSV-DIO-GFP and HSV-DIO-GAD1-GFP were purchased 
from Viral Gene Transfer Core, Massachusetts Institute of Technology) were infused 
using a syringe pump (PHD Ultra™, Harvard apparatus, no. 70-3007) installed 
with a microliter syringe (Hampton, no.1482452A) at a rate of 100 nL/min. The 
syringe was left in place for 10 min to allow for diffusion. The needle was removed 
over 2 min, and the burr hole sealed with sterile bone wax. The skin incision 
was sutured with tissue adhesive glue (Vetbond tissue adhesive 1469SB). The 
incision site was treated with Betadine, and the animal was allowed to recover 
from anesthesia. At the end of the surgery, analgesic Buprenorphine-SR was 
administered to the animal (0.1 mg/kg subcutaneous injection) and the animal 
was placed on the heating pad for recovery.

Statistics. Statistical analyses of the data were performed using Prism 9 soft­
ware and Excel Real Statistics package. The data were assessed and found to 
be in a normal distribution before appropriate parametric tests were applied. 
Details about the number of animals and statistical test used for each experiment 
are reported in the figure legends and Datasets S1 and S2. Means and SDs are 
reported for all experiments.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.

ACKNOWLEDGMENTS. We thank all members of the Spitzer laboratory for 
discussions and critical feedback; A. Glavis-Bloom and S. Atkins for technical 
assistance; D.K. Berg and L.R. Squire for comments on the manuscript. This work 
was supported by the Overland Foundation. Some of the microscopy utilized the 
University of California San Diego School of Medicine Microscopy Core, supported 
by NIH Grant NS047101.

Author affiliations: aNeurobiology Department, University of California San Diego, La Jolla, 
CA 92093; and bKavli Institute for Brain & Mind, University of California San Diego, La 
Jolla, CA 92093

1.	 M.-C. Lai, M. V. Lombardo, S. Baron-Cohen, Autism. Lancet 383, 896–910 (2014).
2.	 I. Voineagu et al., Transcriptomic analysis of autistic brain reveals convergent molecular pathology. 

Nature 474, 380–384 (2011).

3.	 H.-T. Chao et al., Dysfunction in GABA signalling mediates autism-like stereotypies and Rett 
syndrome phenotypes. Nature 468, 263–269 (2010).

4.	 J. J. LeBlanc, M. Fagiolini, Autism: A “Critical Period” disorder? Neural Plast. 2011, 1–17 (2011).

http://www.pnas.org/lookup/doi/10.1073/pnas.2406928121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406928121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406928121#supplementary-materials


PNAS  2024  Vol. 121  No. 35 e2406928121� https://doi.org/10.1073/pnas.2406928121 11 of 11

5.	 O. Yizhar et al., Neocortical excitation/inhibition balance in information processing and social 
dysfunction. Nature 477, 171–178 (2011).

6.	 T. M. Snijders, B. Milivojevic, C. Kemner, Atypical excitation-inhibition balance in autism 
captured by the gamma response to contextual modulation. NeuroImage. Clin. 3, 65–72 
(2013).

7.	 G. Uzunova, S. Pallanti, E. Hollander, Excitatory/inhibitory imbalance in autism spectrum 
disorders: Implications for interventions and therapeutics. World J. Biol. Psychiatry 17, 
174–186 (2016).

8.	 V. Hollestein et al., Excitatory/inhibitory imbalance in autism: The role of glutamate and GABA gene-
sets in symptoms and cortical brain structure. Transl. Psychiatry 13, 1–9 (2023).

9.	 C. E. Robertson, E.-M. Ratai, N. Kanwisher, Reduced GABAergic action in the autistic brain. Curr. Biol. 
26, 80–85 (2016).

10.	 S. Coghlan et al., GABA system dysfunction in autism and related disorders: From synapse to 
symptoms. Neurosci. Biobehav. Rev. 36, 2044–2055 (2012).

11.	 E. Cartier et al., Rare autism-associated variants implicate syntaxin 1 (STX1 R26Q) phosphorylation 
and the dopamine transporter (hDAT R51W) in dopamine neurotransmission and behaviors. 
EBioMedicine 2, 135–146 (2015).

12.	 L. N. Borodinsky et al., Activity-dependent homeostatic specification of transmitter expression in 
embryonic neurons. Nature 429, 523–530 (2004).

13.	 M. Demarque, N. C. Spitzer, Activity-dependent expression of Lmx1b regulates specification of 
serotonergic neurons modulating swimming behavior. Neuron 67, 321–334 (2010).

14.	 K. W. Marek, L. M. Kurtz, N. C. Spitzer, cJun integrates calcium activity and tlx3 expression to 
regulate neurotransmitter specification. Nat. Neurosci. 13, 944–950 (2010).

15.	 N. C. Spitzer, Activity-dependent neurotransmitter respecification. Nat. Rev. Neurosci. 13, 94–106 
(2012).

16.	 D. Dulcis, P. Jamshidi, S. Leutgeb, N. C. Spitzer, Neurotransmitter switching in the adult brain 
regulates behavior. Science (New York, N.Y.) 340, 449–453 (2013).

17.	 A. Porcu et al., Seasonal changes in day length induce multisynaptic neurotransmitter switching to 
regulate hypothalamic network activity and behavior. Sci. Adv. 8, eabn9867 (2022).

18.	 L. N. Borodinsky, N. C. Spitzer, Activity-dependent neurotransmitter-receptor matching at the 
neuromuscular junction. Proc. Natl. Acad. Sci. U.S.A. 104, 335–340 (2007).

19.	 D. Dulcis, N. C. Spitzer, Illumination controls differentiation of dopamine neurons regulating 
behaviour. Nature 456, 195–201 (2008).

20.	 N. C. Spitzer, Neurotransmitter switching in the developing and adult brain. Annu. Rev. Neurosci. 40, 
1–19 (2017).

21.	 H. Li, N. C. Spitzer, Exercise enhances motor skill learning by neurotransmitter switching in the adult 
midbrain. Nat. Commun. 11, 2195 (2020).

22.	 M. Bertuzzi, W. Chang, K. Ampatzis, Adult spinal motoneurons change their neurotransmitter 
phenotype to control locomotion. Proc. Natl. Acad. Sci. U.S.A. 115, E9926–E9933 (2018).

23.	 H. Bertels, G. Vicente-Ortiz, K. El Kanbi, A. Takeoka, Neurotransmitter phenotype switching by spinal 
excitatory interneurons regulates locomotor recovery after spinal cord injury. Nat. Neurosci. 25, 617–629 
(2022).

24.	 H. Li et al., Generalized fear after acute stress is caused by change in neuronal cotransmitter identity. 
Science 383, 1252–1259 (2024).

25.	 M. Pratelli et al., Drug-induced change in transmitter identity is a shared mechanism 
generating cognitive deficits. bioRxiv [Preprint] (2023). https://www.biorxiv.org/
content/10.1101/2022.06.16.496480v3 (Accessed 25 June 2024).

26.	 N. Prakash et al., Serotonergic plasticity in the dorsal raphe nucleus characterizes susceptibility and 
resilience to anhedonia. J. Neurosci. 40, 569–584 (2020).

27.	 B. Romoli et al., Neonatal nicotine exposure primes midbrain neurons to a dopaminergic 
phenotype and increases adult drug consumption. Biol. Psychiatry 86, 344–355 (2019).

28.	 N. V. Malkova, C. Z. Yu, E. Y. Hsiao, M. J. Moore, P. H. Patterson, Maternal immune activation yields 
offspring displaying mouse versions of the three core symptoms of autism. Brain, Behav. Immunity 
26, 607–616 (2012).

29.	 C. Nicolini, M. Fahnestock, The valproic acid-induced rodent model of autism. Exp. Neurol. 299, 
217–227 (2018).

30.	 L. A. Ajram et al., Shifting brain inhibitory balance and connectivity of the prefrontal cortex of adults 
with autism spectrum disorder. Transl. Psychiatry 7, e1137 (2017).

31.	 P. Xu, A. Chen, Y. Li, X. Xing, H. Lu, Medial prefrontal cortex in neurological diseases. Physiol. 
Genomics 51, 432–442 (2019).

32.	 R. Tyzio et al., Oxytocin-mediated GABA inhibition during delivery attenuates autism pathogenesis 
in rodent offspring. Science 343, 675–679 (2014).

33.	 Y. Ben-Ari, Is birth a critical period in the pathogenesis of autism spectrum disorders? Nat. Rev. 
Neurosci. 16, 498–505 (2015).

34.	 D. A. Amodeo et al., Maternal immune activation impairs cognitive flexibility and alters transcription 
in frontal cortex. Neurobiol. Dis. 125, 211–218 (2019).

35.	 B. Y. Braz et al., Treating early postnatal circuit defect delays Huntington’s disease onset and 
pathology in mice. Science 377, eabq5011 (2022).

36.	 N. Lozovaya et al., Early alterations in a mouse model of Rett syndrome: The GABA developmental 
shift is abolished at birth. Sci. Rep. 9, 9276 (2019).

37.	 J. Christensen et al., Prenatal valproate exposure and risk of autism spectrum disorders and 
childhood autism. JAMA 309, 1696–1703 (2013).

38.	 P. H. Patterson, Maternal infection and immune involvement in autism. Trends Mol. Med. 17, 
389–394 (2011).

39.	 A. Ornoy, L. Weinstein-Fudim, Z. Ergaz, Genetic syndromes, maternal diseases and antenatal factors 
associated with autism spectrum disorders (ASD). Front. Neurosci. 10, 316 (2016).

40.	 American Psychiatric Association, Diagnostic and Statistical Manual of Mental Disorders (American 
Psychiatric Association, 2013).

41.	 S. Kataoka et al., Autism-like behaviours with transient histone hyperacetylation in mice treated 
prenatally with valproic acid. Int. J. Neuropsychopharmacol. 16, 91–103 (2013).

42.	 E. Cherubini, J. L. Gaiarsa, Y. Ben-Ari, GABA: An excitatory transmitter in early postnatal life.  
Trends Neurosci. 14, 515–519 (1991).

43.	 G. Valeeva, T. Tressard, M. Mukhtarov, A. Baude, R. Khazipov, An Optogenetic approach 
for investigation of excitatory and inhibitory network GABA actions in mice expressing 
channelrhodopsin-2 in GABAergic neurons. J. Neurosci. 36, 5961–5973 (2016).

44.	 J. del Rio, L. de Lecea, I. Ferrer, E. Soriano, The development of parvalbumin-immunoreactivity in 
the neocortex of the mouse. Dev. Brain Res. 81, 247–259 (1994).

45.	 L. K. Bicks, H. Koike, S. Akbarian, H. Morishita, Prefrontal cortex and social cognition in mouse and 
man. Front. Psychol. 6, 1805 (2015).

46.	 R. F. Hevner et al., Tbr1 regulates differentiation of the preplate and layer 6. Neuron 29, 353–366 (2001).
47.	 S. A. Anderson, O. Marín, C. Horn, K. Jennings, J. L. R. Rubenstein, Distinct cortical migrations from 

the medial and lateral ganglionic eminences. Development 128, 353–363 (2001).
48.	 R. X. Moldrich et al., Inhibition of histone deacetylase in utero causes sociability deficits in postnatal 

mice. Behav. Brain Res. 257, 253–264 (2013).
49.	 M. Angoa-Pérez, M. J. Kane, D. I. Briggs, D. M. Francescutti, D. M. Kuhn, Marble burying and nestlet 

shredding as tests of repetitive, compulsive-like behaviors in mice. J. Vis. Exp. 82, 50978 (2013), 
10.3791/50978.

50.	 J. L. Silverman, M. Yang, C. Lord, J. N. Crawley, Behavioural phenotyping assays for mouse models of 
autism. Nat. Rev. Neurosci. 11, 490–502 (2010).

51.	 H. Kurahashi, K. Kunisawa, A. Mouri, Social behavior in animal models of autism spectrum disorder. 
Methods Mol. Biol. 2794, 331–340 (2024).

52.	 A. Napolitano et al., Sex differences in autism spectrum disorder: Diagnostic, neurobiological, and 
behavioral features. Front. Psychiatry 13, 889636 (2022).

53.	 Y. Gonchar, Q. Wang, A. Burkhalter, Multiple distinct subtypes of GABAergic neurons in mouse visual 
cortex identified by triple immunostaining. Front. Neuroanat. 1, 3 (2007).

54.	 S. B. Powell, T. J. Sejnowski, M. M. Behrens, Behavioral and neurochemical consequences of cortical 
oxidative stress on parvalbumin-interneuron maturation in rodent models of schizophrenia. 
Neuropharmacology 62, 1322–1331 (2012).

55.	 F. Filice, K. J. Vörckel, A. Ö. Sungur, M. Wöhr, B. Schwaller, Reduction in parvalbumin expression not 
loss of the parvalbumin-expressing GABA interneuron subpopulation in genetic parvalbumin and 
shank mouse models of autism. Mol. Brain 9, 10 (2016).

56.	 E. Hashemi, J. Ariza, H. Rogers, S. C. Noctor, V. Martínez-Cerdeño, The number of parvalbumin-
expressing interneurons is decreased in the prefrontal cortex in autism. Cereb. Cortex 27, 
1931–1943 (2017).

57.	 S. Amina et al., Chandelier cartridge density is reduced in the prefrontal cortex in autism.  
Cereb. Cortex 31, 2944–2951 (2021).

58.	 B. D. Dufour, E. McBride, T. Bartley, P. Juarez, V. Martínez-Cerdeño, Distinct patterns of GABAergic 
interneuron pathology in autism are associated with intellectual impairment and stereotypic 
behaviors. Autism 27, 1730–1745 (2023).

59.	 R. L. Neve, Overview of gene delivery into cells using HSV-1-based vectors. Curr. Protoc. Neurosci. 
Chapter 4, Unit 4.12 (2012).

60.	 K. Rimvall, D. L. Martin, The level of GAD67 protein is highly sensitive to small increases in 
intraneuronal gamma-aminobutyric acid levels. J. Neurochem. 62, 1375–1381 (1994).

61.	 A. N. Mohapatra, S. Wagner, The role of the prefrontal cortex in social interactions of animal models 
and the implications for autism spectrum disorder. Front. Psychiatry 14, 1205199 (2023).

62.	 T. Kroon, E. van Hugte, L. van Linge, H. D. Mansvelder, R. M. Meredith, Early postnatal 
development of pyramidal neurons across layers of the mouse medial prefrontal cortex. Sci. Rep. 
9, 5037 (2019).

63.	 J. Pires, R. Nelissen, H. D. Mansvelder, R. M. Meredith, Spontaneous synchronous network activity in 
the neonatal development of mPFC in mice. Dev. Neurobiol. 81, 207–225 (2021).

64.	 N. C. Spitzer, Electrical activity in early neuronal development. Nature 444, 707–712 (2006).
65.	 F. Y. Ismail, A. Fatemi, M. V. Johnston, Cerebral plasticity: Windows of opportunity in the developing 

brain. Eur. J. Paediatr. Neurol. 21, 23–48 (2017).
66.	 R. K. Reh et al., Critical period regulation across multiple timescales. Proc. Natl. Acad. Sci. U.S.A. 117, 

23242–23251 (2020).
67.	 E. Damanskienė, I. Balnytė, A. Valančiūtė, M. M. Alonso, D. Stakišaitis, Different effects of valproic 

acid on SLC12A2, SLC12A5 and SLC5A8 gene expression in pediatric glioblastoma cells as an 
approach to personalised therapy. Biomedicines 10, 968 (2022).

68.	 I. Corradini et al., Maternal immune activation delays excitatory-to-inhibitory gamma-aminobutyric 
acid switch in offspring. Biol. Psychiatry 83, 680–691 (2018).

69.	 A. Fernandez et al., The GABA developmental shift is abolished by maternal immune activation 
already at birth. Cereb. Cortex 29, 3982–3992 (2019).

70.	 M. Fukuchi et al., Valproic acid induces up- or down-regulation of gene expression responsible 
for the neuronal excitation and inhibition in rat cortical neurons through its epigenetic actions. 
Neurosci. Res. 65, 35–43 (2009).

71.	 D. Meng, H.-Q. Li, K. Deisseroth, S. Leutgeb, N. C. Spitzer, Neuronal activity regulates neurotransmitter 
switching in the adult brain following light-induced stress. Proc. Natl. Acad. Sci. U.S.A. 115, 5064–5071 
(2018).

72.	 D. M. Werling, D. H. Geschwind, Sex differences in autism spectrum disorders. Curr. Opin. Neurol. 
26, 146 (2013).

73.	 Q. Zhang et al., Sex-biased single-cell genetic landscape in mice with autism spectrum disorder.  
J. Genet. Genomics 51, 338–351 (2024).

74.	 W. A. Carlezon et al., Maternal and early postnatal immune activation produce sex-specific effects on 
autism-like behaviors and neuroimmune function in mice. Sci. Rep. 9, 16928 (2019).

75.	 O. Peñagarikano et al., Absence of CNTNAP2 leads to epilepsy, neuronal migration abnormalities, 
and core autism-related deficits. Cell 147, 235–246 (2011).

76.	 E.-M. Jung et al., Arid1b haploinsufficiency disrupts cortical interneuron development and mouse 
behavior. Nat. Neurosci. 20, 1694–1707 (2017).

77.	 S. A. Connor et al., Altered cortical dynamics and cognitive function upon haploinsufficiency of 
the autism-linked excitatory synaptic suppressor MDGA2. Neuron 91, 1052–1068 (2016).

78.	 M. Chiesa et al., Enhanced glutamatergic currents at birth in Shank3 KO mice. Neural Plast. 2019, 
2382639 (2019).

79.	 Paxinos and Franklin’s the Mouse Brain in Stereotaxic Coordinates, Compact—5th Edition. https://
shop.elsevier.com/books/paxinos-and-franklins-the-mouse-brain-in-stereotaxic-coordinates-
compact/franklin/978-0-12-816159-3. Accessed 26 November 2023.

80.	 H. J. J. M. Van De Werd, G. Rajkowska, P. Evers, H. B. M. Uylings, Cytoarchitectonic and 
chemoarchitectonic characterization of the prefrontal cortical areas in the mouse. Brain Struct. Funct. 
214, 339–353 (2010).

81.	 H. J. J. M. Van De Werd, H. B. M. Uylings, Comparison of (stereotactic) parcellations in mouse 
prefrontal cortex. Brain Struct. Funct. 219, 433–459 (2014).

https://www.biorxiv.org/content/10.1101/2022.06.16.496480v3
https://www.biorxiv.org/content/10.1101/2022.06.16.496480v3
https://doi.org/10.3791/50978
https://shop.elsevier.com/books/paxinos-and-franklins-the-mouse-brain-in-stereotaxic-coordinates-compact/franklin/978-0-12-816159-3
https://shop.elsevier.com/books/paxinos-and-franklins-the-mouse-brain-in-stereotaxic-coordinates-compact/franklin/978-0-12-816159-3
https://shop.elsevier.com/books/paxinos-and-franklins-the-mouse-brain-in-stereotaxic-coordinates-compact/franklin/978-0-12-816159-3

	Embryonic exposure to environmental factors drives transmitter switching in the neonatal mouse cortex causing autistic-like adult behavior
	Significance
	Results
	Embryonic Exposure to VPA or Poly I:C Alters Neurotransmitter Identity in Neonatal Mice.
	Autistic-Like Behavior Develops and Persists to at Least P90.
	The Change in Transmitter Identity Reverses Spontaneously by P30.
	The Change in Transmitter Identity Occurs in Parvalbumin and Cholecystokinin Neurons.
	The Transmitter Switch Occurs in Single PV and CCK Neurons.
	Overriding the Transmitter Switch in Neonates Prevents the Development of Autistic-Like Behavior in Adult Mice.

	Discussion
	Materials and Methods
	Mice.
	Behavioral Assays.
	Marble burying assay.
	Self-grooming assay.
	Social interaction assay.

	Histology.
	Immunohistochemistry.
	RNAscope.
	TUNEL assay.

	Imaging.
	Stereological Quantification.
	Quantification of Gad1 and VglutT1 mRNA expression.

	Stereotaxic Injections and Viral Constructs.
	Statistics.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 36





