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Developmental disruption of 
perineuronal nets in the medial 
prefrontal cortex after maternal 
immune activation
John W. Paylor1,2, Brittney R. Lins3, Quentin Greba3, Nicholas Moen1, Reiner Silveira de Moraes1, 
John G. Howland3 & Ian R. Winship1,2

Maternal infection during pregnancy increases the risk of offspring developing schizophrenia later 
in life. Similarly, animal models of maternal immune activation (MIA) induce behavioural and 
anatomical disturbances consistent with a schizophrenia-like phenotype in offspring. Notably, 
cognitive impairments in tasks dependent on the prefrontal cortex (PFC) are observed in humans 
with schizophrenia and in offspring after MIA during pregnancy. Recent studies of post-mortem 
tissue from individuals with schizophrenia revealed deficits in extracellular matrix structures called 
perineuronal nets (PNNs), particularly in PFC. Given these findings, we examined PNNs over the course 
of development in a well-characterized rat model of MIA using polyinosinic-polycytidylic acid (polyI:C). 
We found selective reductions of PNNs in the PFC of polyI:C offspring which did not manifest until early 
adulthood. These deficits were not associated with changes in parvalbumin cell density, but a decrease 
in the percentage of parvalbumin cells surrounded by a PNN. Developmental expression of PNNs was 
also significantly altered in the amygdala of polyI:C offspring. Our results indicate MIA causes region 
specific developmental abnormalities in PNNs in the PFC of offspring. These findings confirm the polyI:C 
model replicates neuropathological alterations associated with schizophrenia and may identify novel 
mechanisms for cognitive and emotional dysfunction in the disorder.

The etiology and underlying neurobiological mechanisms of schizophrenia (SCZ) are elusive despite the preva-
lence (1% population worldwide) and burden (1% global burden of disease) of the disorder1,2. Symptoms of SCZ 
typically fall into one of three clusters: positive (e.g., hallucinations and delusions), negative (e.g., social isolation, 
anhedonia), and cognitive (e.g., sensory processing dysfunction, impairments in working memory). Interestingly, 
while the symptoms of SCZ typically manifest during adolescence and early adulthood, a substantial body of 
research links prenatal events such as maternal infection during pregnancy to the risk for developing SCZ later 
in life3,4. As a result, animal models have been developed to further understand the relationship between pre-
natal infection and SCZ. Typically, these models involve inducing an immune reaction in pregnant rats or mice 
with agents such as the viral mimetic polyinosinic-polycytidylic acid (polyI:C). A growing literature supports the 
assertion that following maternal immune activation (MIA) during pregnancy, the offspring show behavioral, 
anatomical, neurochemical, and electrophysiological disturbances consistent with SCZ5–15.

In recent years, studies of post-mortem brain tissue from individuals with SCZ have revealed reduced densi-
ties of perineuronal nets (PNNs), highly specialized extracellular matrix structures closely associated with inhibi-
tory interneurons16,17. PNNs surround the cell body, proximal dendrites, and initial axon segment of the neurons 
which host them, and are involved in a variety of processes which limit both structural and synaptic plasticity18–26. 
Deficits in PNNs are observed in the prefrontal cortex, entorhinal cortex, amygdala, and olfactory epithelium 
in post-mortem tissue from people with SCZ27–31. Interestingly, the expression of PNNs increases throughout 
postnatal development with the greatest increase during adolescence, a time corresponding with the onset for 
symptoms of SCZ in most patients16,32.
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PNNs have well defined roles in the regulation of critical periods of brain circuit plasticity. Critical periods 
during neurodevelopment are characterized by dramatic structural and functional neuroplasticity in response 
to environmental stimuli or activity24,33. Most notably, increased PNN density is associated with the closure of 
critical periods during development of the visual cortex24. Malformation of PNNs may therefore dysregulate 
critical periods and contribute to heightened synaptic pruning17,34,35. Moreover, PNNs are closely associated with 
parvalbumin expressing inhibitory interneurons (PV+), which are also intimately involved in regulation of criti-
cal periods in cortex35. Mature PV+ interneurons are fast-spiking inhibitory interneurons involved in regulating 
network activity, particularly with respect to the generation of gamma oscillatory activity36–38. Notably, PV cells 
and gamma oscillations are altered in SCZ39–45. PNNs support the high metabolic demand of these interneurons 
and contribute to ion homeostasis around them19,20,46,47. However, the functional relationship between PNNs and 
PV+ interneurons in the development of SCZ is still unknown.

While recent evidence suggests that PNNs and PV interneurons are selectively disrupted in SCZ, post-mortem 
studies are limited by their small sample sizes, limited demographics, the chronic use of psychiatric medica-
tions, and heterogeneous comorbidities. In addition, post-mortem studies do not allow for assessment of the 
cellular and molecular changes during development that may precede the onset of symptoms in SCZ. Therefore, 
the present study was designed to define abnormalities in the density of PNNs and PV+ cells in brain regions 
implicated in SCZ in the offspring of rats subjected to MIA using the viral mimetic polyI:C. In previous studies 
from our group, the behavioral phenotype of MIA rat offspring has been characterized. Young adult offspring 
(approximately PND 56–98) of polyI:C-treated dams display disrupted prepulse inhibition, locomotor activity, 
behavioral flexibility, recognition memory, crossmodal object memory, and exhibit impaired regulation of fear 
behavior10,12–14. Therefore, we chose to examine the expression of PNN in the offspring of rat dams treated in the 
same manner as these previous studies. Our results reveal age- and brain region-dependent disruptions of PNNs 
and PV cells, providing insight into the neurobiology underlying cognitive and social dysfunction associated 
with SCZ.

Results
Effects of polyI:C treatment on the dams and litters. Dams received a single injection of either poly-
I:C or saline on GD15 consistent with protocols used previously10,12–14 (Fig. 1a). Administration of polyI:C to 
the pregnant dams induced a significant reduction in weight gain (Fig. 1b). Analysis of the weight of the dams 
(8, 24, and 48 h after injection) confirmed a significant main effect of time (F(2,30) = 98.52, p < 0.0001) and a 
significant main effect of treatment (F(1,15) = 5.30, p < 0.05; interaction p > 0.10). PolyI:C treatment did not 
affect maternal temperature (data not shown), consistent with previous studies from our group10,12–14. Average 
litter size (saline = 11.43 ± 0.6 pups/litter; polyI:C = 11.60 ± 1.2 pups/litter) and average pup weight at birth 
(saline = 7.04 ± 0.28 g/pup; polyI:C = 7.58 ± 0.27 pups/litter) were also not altered by treatment (statistics not 
shown).

Effects of polyI:C treatment on PNNs and associated markers. Data were collected from four brain 
regions (Fig. 1c; frontal association cortex, medial prelimbic cortex, basolateral nucleus of the amygdala, and 
primary auditory cortex) at four developmental ages (PND7, 21, 35, and 90). For each region, we measured total 
PNN count, PV+ cell density, IBA1+ cell density, GFAP staining intensity and DAPI+ nuclei density (examples 
shown Fig. 1d–h).

Medial Prelimbic Cortex. Representative immunofluorescent images from medial prelimbic cortex from 
an animal at PND 90 are illustrated in Fig. 2 (a–c show DAPI, PV, and WFA labeling, respectively, d shows a 
merged image). Consistent with previous research in human post-mortem tissue, PNNs were absent in infancy 
and increased throughout postnatal development in the prefrontal cortex30 (Fig. 2g). A two-way ANOVA revealed 
a significant overall effect of age on PNN density, (F(3,47) = 479.10, p < 0.0001), a significant main effect of pre-
natal treatment with PolyI:C (F(1,47) = 4.12, p < 0.05) and a significant interaction between treatment and age 
(F(3,47) = 11.20, p < 0.001). Post-hoc comparisons revealed a significant decrease in PNN density within the 
medial prelimbic cortex of polyI:C treated offspring relative to offspring from saline-treated dams at PND90 
[SAL (M = 0.60 ± 0.03) vs. POL (M = 0.49 ± 0.01), t = 5.84, p < 0.0001]. As PNNs are closely associated with 
PV interneurons, we next evaluated PV cell density within the same region (Fig. 2f). A two-way ANOVA on 
PV neuron density revealed a significant overall effect of age, (F(3,47) = 56.59, p < 0.0001) but no significant 
main effect of treatment or age X treatment interaction. An analysis of the percentage of PV cells ensheathed by 
PNNs revealed a significant main effect of age (Fig. 2h) (F(3,47) = 203.3, p < 0.0001) and a significant interaction 
between treatment and age (F(3,47) = 6.36, p < 0.01). Post-hoc comparisons revealed a significant reduction in 
the percentage of PV cells surrounded by a PNN in polyI:C treated animals in the PND90 cohort relative to saline 
controls [SAL (M = 56.62 ± 3.72) vs. POL (M = 44.54 ± 0.70), t = 4.12, p < 0.001]. A two-way ANOVA on overall 
(DAPI+) cell density in prelimbic cortex revealed a significant effect of age (Fig. 2e) (F(3,47) = 31.28, p < 0.0001) 
but no significant effect of polyI:C treatment or interaction between treatment and age.

Frontal Association Cortex. Representative immunofluorescent images of frontal association cortex from 
an animal at PND 90 are illustrated in Fig. 3. PNN density within the frontal association cortex increased through-
out postnatal development into adulthood (Fig. 3g; F(3,47) = 340.8, p < 0.0001), but there was no significant effect 
of treatment or an interaction between treatment and age. PV cell density varied with age (Fig. 3f; F(3,47) = 17.44, 
p < 0.0001) but the effect of treatment on PV cell density did not reach statistical significance (F(1,47) = 3.52, 
p = 0.07; age X treatment interaction p > 0.10). A two-way ANOVA on percentage of PV cells ensheathed by a 
PNN revealed a significant effect of age (Fig. 3h; F(3,47) = 32.90, p < 0.0001), but no effect of treatment nor an 
interaction between treatment and age. DAPI+ cell density varied with age (Fig. 3e; F(3,47) = 6.44, p < 0.01). 
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There was no effect of polyI:C treatment on DAPI+ cell density but a significant interaction between treatment 
and age was detected (F(3,47) = 3.11, p < 0.05).

Amygdala. Representative immunofluorescent images from the basolateral amygdala from an animal at PND 
35 are illustrated in Fig. 4. A two-way ANOVA on PNN density within the basolateral amygdala revealed a sig-
nificant overall effect of age (Fig. 4g; F(3,45) = 109.1, p < 0.0001) and a significant interaction between treatment 
and age (F(3,45) = 5.27, p < 0.005). Post-hoc comparisons revealed a significant reduction in PNN density in 
polyI:C treated offspring at PND35 [SAL (M = 0.17 ± 0.02) vs. POL (M = 0.11 ± 0.01), t = 3.17, p < 0.05]. Analysis 
of PV cell density within the basolateral amygdala revealed a significant effect of age (Fig. 2f; F(3,45) = 27.28, 
p < 0.0001). A main effect of treatment on PV density approached statistical significance (F(1,45) = 3.947, 
p = 0.053, interaction p > 0.10). A two-way ANOVA evaluated on percentage of PV cells with a PNN also revealed 
a significant effect of age, (Fig. 2h; F(3,45) = 62.38, p < 0.0001). A main effect of treatment on PV cells with a PNN 
did not reach statistical significance (F(3,45) = 2.39, p = 0.081). A two-way ANOVA on DAPI+ cell density indi-
cated a significant effect of age (F(3,45) = 42.37, p < 0.0001) only.

Primary Auditory Cortex. Within the primary auditory cortex, PNN density, PV cell density, percentage of PV 
cells ensheathed by a PNN, and overall DAPI+ nuclei density varied significantly with age (PNNs, F(3,46) = 330.90, 
p < 0.0001; PV cell density, F(3,46) = 57.90, p < 0.0001; PV cells with PNN, F(3,46) = 90.18, p < 0.0001; DAPI+ cell 
density, F(1,46) = 68.84, p < 0.0001). There was no effect of polyI:C treatment or significant interaction between age 
and treatment for any of these measures.

Figure 1. (a) Experimental timeline and setup. See Methods for details. (b) Dams receiving injections of 
polyI:C had significant weight loss compared to saline-injection dams over the 48 hours after injection (main 
effect of time, p < 0.0001; treatment, p < 0.05). (c) Regions of interest for our analysis. (d) Representative 
examples of PV cells (green), DAPI nuclei (blue) and PNNs, stained with wisteria floribunda agglutinin (WFA; 
purple), in the cortex. (e–h) An example high resolution image of a single PV cell surrounded by a PNN.
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Immune Cells. We evaluated microglial cell density all four brain regions in each developmental cohort 
(Fig. 5). In the PND7 cohorts from both treatment groups, IBA1-labelled microglia appeared to display a more 
spherical morphology as compared to the ramified appearance of later developmental cohorts. Across all regions, 
we did not observe any statistically significant effects of treatment on microglial density, but there were signif-
icant age effects. For example, in the medial prelimbic cortex microglial cell density varied with age (Fig. 5e; 
F(3.47) = 65.57, p < 0.0001). There was no effect of treatment and the interaction between age and treatment on 
microglial cell density did not reach statistical significance (Fig. 5g; F(3,47) = 2.69, p = 0.057, treatment p > 0.10). 
We also assessed astrocytes by measuring total GFAP optical density within target regions as well as by qualitative 
observation. Analysis of GFAP staining intensity within the medial prelimbic cortex revealed a significant main 
effect of age (Fig. 5f; F(3,47) = 31.83, p < 0.0001). GFAP staining was largely absent in the PND7 cohort and in 
most regions increased throughout postnatal development. In adults, GFAP was localized primary to layer 1 of 
the cortex and around apparent blood vessels. We did not observe statistically significant changes in GFAP optical 
density or apparent qualitative changes in between treatment groups in any brain region.

Discussion
In the present study, we showed that PNNs are reduced in the medial prefrontal cortex of adult rats treated prena-
tally with polyI:C. These deficits are not accompanied by overall reductions in the density of PV+ interneurons, but 
instead reflect a reduction in the percentage of PV+ cells surrounded by a PNN in prelimbic cortex. Reduced PNNs 
were also observed at some developmental ages in the basolateral amygdala. Developmental reductions of PV+ cell 
density in the basolateral amygdala and frontal association cortex did not reach statistical significance. There were no 
changes to PNNs or PV cell density within the primary auditory cortex, and we did not observe any overt indications 
of reactivity or proliferation of astrocytes or microglia in offspring after prenatal treatment with polyI:C.

To our knowledge, our study is the first to describe developmental abnormalities in PNN density and PV cell 
ensheathment in the polyI:C model and the first to report PNN deficits in the medial PFC of affected animals 
in early adulthood. These findings are consistent with several studies investigating post-mortem tissue of schiz-
ophrenic patients which have identified PNN deficits in the PFC30,31. Excitingly, our findings suggest PNN loss 
is coincident with age-of-onset of cognitive symptoms in the MIA model. In contrast, post-mortem tissue from 
human SCZ patients can typically only be obtained long after a diagnosis and PNN integrity could be influenced 

Figure 2. The medial prelimbic cortex has deficits in PNNs that emerge during early adulthood (PND90). 
Panels show DAPI (a), PV+ cells (b), PNNs ((c); stained with WFA) from representative rats at PND90. Across 
both conditions the total number of DAPI labelled nuclei decreased from PND7 to PND21 before plateauing 
(main effect of Age, p < 0.0001). PV cell density increased from PND7 to PND35 before declining at PND90 
(main effect of Age, p < 0.0001). PNN density increased throughout postnatal development with the greatest 
increases occurring from PND7 to 21, and PND35 to 90 (main effect of Age, p < 0.0001; Age × Treatment, 
p < 0.0001; Treatment, p < 0.05). In the PND90 cohort, a significant deficit in PNN density emerged in polyI:C 
treated animals as compared to saline-treated (p < 0.0001). There was also a significant reduction in the number 
of PV cells ensheathed in a PNN (main effect of Age, p < 0.0001; Treatment, p < 0.001). Insets are representative 
images from each condition. Scale bar represents 250 μm. *p<0.001.
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by many confounding factors. Notably, PNNs are closely associated with PV+ interneurons which have been 
extensively studied in SCZ and are likely central to dysfunction of cortical inhibition in the disorder48–50. While 
we did not find reductions in PV+ interneuron density within the prelimbic cortex, we did observe reductions in 
the percentage of PV+ interneurons surrounded by a PNN. Studies in human post-mortem tissue have identified 
stable PV+ cell densities within the medial PFC, but reduced expression of PV+ protein and mRNA within these 
cells, as well as reduced GAD67 expression39,42,44,50–52. Similarly, studies utilizing the polyI:C model have described 
changes to GAD65 and -67 within the prelimbic cortex in affected animals. Richetto and colleagues (2014) found 
evidence of decrease GAD65 and -67 mRNA and protein levels within the prelimbic cortex that did not emerge 
until PND95–10653. Notably, Cassella and colleagues (2016) described GAD67 mRNA reductions in the prelim-
bic cortex at PND60 that were not present at PND3054. It has also recently been reported that there are functional 
disturbances to PV+ interneurons in the medial PFC as a result of prenatal polyI:C treatment55. Therefore, the 
loss of PNNs reported here is consistent with other disturbances to PV+ interneurons occurring during adoles-
cence and early adulthood within the medial PFC of polyI:C offspring.

The medial PFC is implicated in cognitive functions related to schizophrenia, including working memory, 
attentional control, sensorimotor gating, and behavioural flexibility56–58. PolyI:C affected offspring have deficits in 
tests of these constructs, including object recognition tasks of working memory, set-shifting tasks of behavioural 
flexibility, and prepulse inhibition of sensorimotor gating10,12,59–62. Importantly, our group and others have shown 
that these behavioural deficits do not emerge until adolescence and early adulthood (PND 56–98), the same win-
dow within which PNN deficits in the medial prelimbic cortex were observed in this study. However, it should 
be noted that alterations in some other measures such as ultrasonic vocalizations have been detected in polyI:C 
mouse offspring during the early postnatal period63. PNNs contribute to stabilizing neuronal structure, restricting 
neuronal plasticity, and supporting the physiological demands of host neurons64–66. Disruption of this supportive 
matrix could destabilize neuronal connectivity and dysregulate their physiological activity, though this remains 
to be demonstrated experimentally. Further study into the functional and structural consequences of PV+ cells 
losing their PNNs would clarify the contribution of PNN deficits to the behavioral changes in the polyI:C model 
and ultimately schizophrenia.

Post-mortem studies from SCZ patients have identified deficits in PNNs within the amygdala27. Similarly, our 
data identify deficits in PNN density in the basolateral amygdala, but only within our adolescent cohort and not 
later in adulthood. While the transiency of this deficit is difficult to interpret, adolescence is a particularly critical 
time for development of the amygdala, especially with regard to fear memories and extinction phenotypes67. 
PolyI:C affected animals are known to have a variety of deficits in fear processing, however many of these do not 

Figure 3. The frontal association cortex has developmental disturbances in PV+ cell density. Panels 
show DAPI (a), PV+ cells (b), PNNs ((c); stained with WFA) from representative rats at PND90. Across both 
conditions the total number of DAPI labelled nuclei decreased steadily from infancy to early adulthood (main 
effect of Age, p < 0.0001). PV+ interneurons increased from PND7 to PND35 before declining at PND90 (main 
effect of Age, p < 0.0001). While PV+ cell density was reduced across development in polyI:C treated animals, 
this effect was not significant (main effect of Treatment, p = 0.07). The number of perineuronal nets increased 
throughout postnatal development (main effect of Age, p < 0.0001). Insets are representative images from each 
condition. Scale bar represents 250 μm. *p < 0.001.
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emerge until later adolescence and early adulthood13,62,68. Developmental reductions in PV+ cell density in the 
amygdala and the frontal association cortex did not reach statistical significance. In the human brain structure 
analogous to the frontal association cortex, the anterior prefrontal cortex (Brodmann Area 10), reduced PV+ 
cell density has been reported in SCZ patient’s brains post-mortem69. In contrast, previous studies that identi-
fied PNN deficits in the amygdala have found stable PV+ cell densities27. The high correlation between effects 
observed here in the basolateral amygdala and frontal association are intriguing considering the reciprocal con-
nectivity between these two structures that are integral to associative learning, particularly with respect to fear 
learning and memory70.

Preliminary examination of microglia and astrocytes did not indicate ongoing inflammatory reactivity or 
proliferation in the brains of polyI:C treated offspring compared to controls. In addition to neurons themselves, 
astrocytes are major secretors of PNN components including chondroitin sulfate proteoglycans71,72. Consistent 
with this, astrocytic staining was sparse during infancy but increased throughout development, similar to the for-
mation of PNNs. While astrocytes secrete ECM components, microglia are the primary secretors of the enzymes 
which degrade the ECM73,74. These include enzymes like MMPs (matrix metalloproteinases) and ADAMTSs (a 
disintegrin and metalloproteinase with a thrombospondin motif). However, we observed no signs of changes 
in microglial density or gross morphology, consistent with other studies that examined microglia after prenatal 
polyI:C treatment75,76. The lack of ongoing inflammatory processes suggests that the effects we observed are the 
consequence of disturbed developmental trajectories rather than ongoing immune dysfunction as a result of pre-
natal infection. However, it should be noted that cell density alone is not a sensitive measure to the full scope of 
microglia’s role in CNS maintenance. It is possible that the functional attributes and secretion of ECM degrading 
enzymes by microglia could be dramatically altered without changes in their density. It has previously been shown 
that MMP-9 is elevated in the brains of SCZ patients and mutations in the gene associated with MMP-16 were 
recently identified to confer heightened SCZ risk in a genome-wide association scan77–80. Thus, the relationship 
between microglia and the ECM, PNNs in particular, remains an intriguing avenue for future research.

These data demonstrate that the polyI:C model shares the PNN disturbances in the medial PFC observed in 
SCZ patients brains post-mortem. Importantly, these deficits do not emerge until during adolescence and early 
adulthood, matching the age of onset for SCZ-like symptoms in polyI:C animals and humans with SCZ. This 
pathology adds further validity to the MIA model of SCZ, and identifies a neurodevelopmental PNN deficit in 

Figure 4. The amygdala has deficits in PNNs that emerge during adolescence (PND35). Panels show DAPI 
(a), PV+ cells (b), PNNs ((c); stained with WFA) from representative rats at PND90. Across both conditions 
the total number of DAPI labelled nuclei decreased from infancy to childhood before plateauing (main effect of 
Age, p < 0.0001). PV+ interneurons increased from PND7 to PND35 before declining at PND90 (main effect 
of Age, p < 0.0001). There was an effect of reduced PV cell density across development, however this did not 
reach statistical significance (main effect of Treatment, p = 0.053). The number of perineuronal nets increased 
throughout postnatal development until PND35 (main effect of Age, p < 0.0001; Age × Treatment, p < 0.01). 
Within the PND35 cohort, there was a significant reduction in PNN density in polyI:C treated animals 
(p < 0.001). The percentage of PV cells surrounded by a PNN varied throughout development by cohort (main 
effect of Age, p < 0.0001). Insets are representative images from each condition. Scale bar represents 250 μm. 
*p < 0.001.
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prefrontal cortex as a potential contributor to the disabling cognitive impairment associated with SCZ. While 
changes in PNNs and PV+ cells have been reported in models and humans, the functional significance of these 
changes remain to be delineated. A better understanding of PNNs functional role in the prefrontal cortex and the 
means by which they are maintained or disturbed will facilitate the potential development of therapeutic strate-
gies to prevent or compensate for their loss in SCZ.

Methods
Subjects and Housing. Timed-pregnant Long-Evans rats (n = 17; Charles River Laboratory, Quebec, 
Canada) arrived at the vivarium on gestational day (GD) 7 and were single housed in clear, ventilated plastic cages 
(Fig. 1a). Lighting was controlled automatically on a 12:12 hour cycle with lights on at 7:00 am. All handling and 
experimentation occurred within the light phase. Food (Purina Rat Chow) and water were available ad libitum. 
All experiments were performed in accordance with the standards of the Canadian Council on Animal Care and 
were approved by the University of Saskatchewan Animal Research Ethics Board.

Treatment Procedure. Treatment of the dams was according to the well-established protocol from 
Howland’s group used in previous studies of behavioural abnormalities10,12–14. On GD 15, the dams were weighed 
and rectal temperature were recorded (Homeothermic Blanket System, Harvard Instruments, MA, USA). Dams 
were then anesthetised for approximately 6 minutes using isoflurane (5% induction, 3% maintenance) and admin-
istered a single tail vein injection of either saline (n = 7) or polyI:C (4 mg/kg, high molecular weight; InVivoGen, 
San Diego, CA, USA; n = 10).

Follow-up Care of Dams and Pups. Body weight and rectal temperature measurements were taken again 
from the dams 8, 24, and 48 h after treatment and the rats were then left undisturbed to give birth naturally. 
On postnatal day (PND) 1, pups were weighed, sexed, and culled to a maximum of 10 per litter (6 males where 
possible). Cages were changed twice per week and otherwise the litters were left undisturbed. Weaning occurred 
at PND 21 when pups were placed in same-sex sibling groups of 2 or 3. Standard care was provided until tissue 
collection. We have shown previously that this treatment protocol induces increased proinflammatory cytokines 
in the dams and replicable maternal weight loss in the polyI:C-treated dams10,12,13,80.

Figure 5. The medial prelimbic cortex exhibited no overt signs of microglial or astrocytic reactivity 
(PND90 shown). Panels show DAPI (a), IBA1 (c) and GFAP (b). Across both conditions the total number of 
DAPI labelled nuclei decreased throughout postnatal development (main effect of Age, p < 0.0001). Microglial 
density was increased slightly throughout postnatal development aside from a dramatic spike in density in the 
PND21 cohort (main effect of Age, p < 0.001; Age × Treatment, p = 0.056). GFAP staining was sparsely present 
within the cortical parenchyma, instead clustering around the cortical surface and blood vessels throughout the 
tissue. GFAP staining intensity increased from PND21 to PND35 where it leveled off into maturity (main effect 
of Age, p < 0.0001). Neither polyI:C treated animals or controls showed significant differences between either 
of these immune markers. Insets are representative images from each condition. Scale bar represents 250 μm. 
*p < 0.05.
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Tissue Collection. On PND 7 (n = 13; 6 saline pups from 5 litters; 7 poly pups from 4 litters), 21 (n = 13; 6 
saline pups from 4 litters; 7 poly pups from 7 litters), 35 (n = 15; 5 saline pups from 4 litters; 10 poly pups from 
6 litters), or 90 (n = 14; 5 saline pups from 5 litters; 9 poly pups from 9 litters), pups were deeply anesthetised with 
isoflurane and perfused transcardially with saline followed by 4% paraformaldehyde using infusion pumps. Flow 
rate and volume of perfusate were adjusted based on pup size. Following perfusion, the brains were carefully 
extracted and stored in 4% paraformaldehyde at 4 °C. Twenty four h later, the brains were transferred to a 30% 
sucrose and 0.1% sodium azide solution for several days and flash frozen in isopentane. Frozen brains were then 
mounted and sectioned (25 um) on a cryostat.

Immunohistochemistry. Slides were left to thaw to room temperature for 20 min and given three washes 
in 1X PBS for 10 min each. They were then incubated for 1 h with 10% Protein Block, Serum-Free (Dako, 
Mississauga, ON) in 1X PBS. After this, slides were incubated overnight at room temperature with a primary 
antibody in an antibody solution of 1% Protein Block, 1% Bovine Serum Albumin and 98% 1X PBS with 0.1% 
Triton X-100. The following primary antibodies were used: Wisteria Floribunda Agglutinin (WFA; 1:1000; 
Vector Labs, Philadelphia, PA), mouse anti-Parvalbumin (1:2000; Swant, Switzerland), rabbit anti-IBA1 (1:200; 
Dako, Mississauga, ON); and mouse anti-GFAP (1:200; Sigma-Aldrich, Oakville, ON). Slides were washed again 
three times, twice in 1X PBS with 1% tween-20 and then once in 1X PBS. Sections were then incubated for 
1 h at room temperature with secondary antibodies in antibody solution. Secondary antibodies were as follows: 
Streptavidin 647 (1:200; Invitrogen, Burlington, ON), donkey anti-mouse Alexa Fluor® 488 (1:200; Molecular 
Probes, Eugene, OR) and donkey anti-rabbit Alexa Fluor® 647 (1:200; Molecular Probes, Eugene, OR). Slides 
were again washed three times, twice in PBS with 1% Tween-20 and once in 1X PBS. Slides were mounted with 
DAPI (4′,6-diamidino-2-phenylindole in vectashield mounting medium).

Imaging. Images were captured on a Leica DMI6000B Microscope and processed with LAS AF computer 
software. All images were captured at 5X magnification over target regions, with a total of 4–6 images taken bilat-
erally in adjacent sections. Within each region and each cohort a constant gain, exposure, and light intensity were 
used for all images. Images for insets were captured using a Leica DMI4000 confocal microscope. All confocal 
images were captured with a 40X objective lens and within each region constant imaging parameters were used 
for all images.

Identification of Brain Regions. All brain regions were identified using The Rat Brain in Stereotaxic 
Coordinates81 and selected based on their DAPI nuclear staining pattern (Fig. 1c). The frontal association cortex 
(region FrA) was identified between +4.70 mm to +5.20 mm anterior to Bregma with the imaging area adjusted 
to the dorsal edge of the slice extending through cortical layers 1–6. The prelimbic cortex (region PrL) was iden-
tified between +3.20 mm to +3.70 mm where the imaging area was centered over the anterior longitudinal sul-
cus capturing the all layers of the prelimbic cortex bilaterally in a single image. The basolateral nucleus of the 
amygdala (region BLA) was identified between −2.12 mm and −2.80 mm based on its teardrop nuclear staining 
pattern which is also readily identifiable by its parvalbumin staining distribution. The primary auditory cortex 
(region Au1) was identified between −4.16 mm and −5.20 mm and selected from the most lateral point of the 
cortical surface extending upwards

Quantification. Quantification was completed on unmodified images by an observer blind to the specific 
experimental conditions of tissue analyzed. Cell counts for DAPI+, IBA+, and PV+ cells were all counted using 
the Image-based Tool for Counting Nuclei (Centre for Bio-image Informatics, UC Santa Barbara, CA, USA) 
plugin for NIH ImageJ software. Within a target region, a standard total area was measured over the region of 
interest within which cells were identified and cell counting parameters kept constant. PNNs were counted man-
ually using the ImageJ Cell Counter function within a standard total area over the target region. For each stain 
and each region, measurements of mean brightness within the area were also taken. Measurements and counts for 
each brain region are the average of 2 images taken bilaterally from 2 adjacent sections.

Statistical Analyses. All data are presented as mean ± SEM. Statistical analyses were carried out in PRISM 
Software (Prism Software, Irvine, CA, USA) using two-way ANOVAs with Bonferroni post hoc tests. Significance 
was set at P < 0.05. P-values < 0.10 are reported in the results section. Both sexes were included for analyses but 
comparisons between sexes were not done as several cohorts had limited numbers of female offspring.

References
1. Eaton, W. W. et al. The burden of mental disorders. Epidemiol. Rev. 30, 1–4 (2008).
2. Mathers, C., Fat, D. M. & Boerma, J. T. The global burden of disease: 2004 update. World Health Organization (2008).
3. Brown, A. S. & Derkits, E. J. Prenatal infection and schizophrenia: a review of epidemiologic and translational studies. Am. J. 

Psychiatry 167, 261–280 (2010).
4. Brown, A. S. Epidemiologic studies of exposure to prenatal infection and risk of schizophrenia and autism. Dev. Neurobiol 72, 

1272–1276 (2012).
5. Meyer, U. & Feldon, J. To poly (I: C) or not to poly (I: C): advancing preclinical schizophrenia research through the use of prenatal 

immune activation models. Neuropharmacology 62, 1308–1321 (2012).
6. Meyer, U., Feldon, J. & Fatemi, S. H. In-vivo rodent models for the experimental investigation of prenatal immune activation effects 

in neurodevelopmental brain disorders. Neurosci. Biobehav. Rev. 33, 1061–1079 (2009).
7. Meyer, U. Prenatal poly (i: C) exposure and other developmental immune activation models in rodent systems. Biol. Psychiatry 75, 

307–315 (2014).
8. Dickerson, D. D., Wolff, A. R. & Bilkey, D. K. Abnormal long-range neural synchrony in a maternal immune activation animal 

model of schizophrenia. J. Neurosci 30, 12424–12431 (2010).



www.nature.com/scientificreports/

9Scientific RepoRts | 6:37580 | DOI: 10.1038/srep37580

9. Dickerson, D. D. et al. Association of aberrant neural synchrony and altered GAD67 expression following exposure to maternal 
immune activation, a risk factor for schizophrenia. Transl. Psychiatry 4, e418, doi: 10.1038/tp.2014.64 (2014).

10. Howland, J. G., Cazakoff, B. N. & Zhang, Y. Altered object-in-place recognition memory, prepulse inhibition, and locomotor activity 
in the offspring of rats exposed to a viral mimetic during pregnancy. Neuroscience 201, 184–198 (2012).

11. Piontkewitz, Y., Arad, M. & Weiner, I. Tracing the development of psychosis and its prevention: what can be learned from animal 
models. Neuropharmacology 62, 1273–1289 (2012).

12. Zhang, Y., Cazakoff, B. N., Thai, C. A. & Howland, J. G. Prenatal exposure to a viral mimetic alters behavioural flexibility in male, but 
not female, rats. Neuropharmacology 62, 1299–1307 (2012).

13. Sangha, S., Greba, Q., Robinson, P. D., Ballendine, S. A. & Howland, J. G. Heightened fear in response to a safety cue and 
extinguished fear cue in a rat model of maternal immune activation. Front. Behav. Neurosci. 8, 168 (2014).

14. Ballendine, S. A. et al. Behavioral alterations in rat offspring following maternal immune activation and ELR-CXC chemokine 
receptor antagonism during pregnancy: implications for neurodevelopmental psychiatric disorders. Prog. Neuropsychopharmacol. 
Biol. Psychiatry 57, 155–165 (2015).

15. Machado, C. J., Whitaker, A. M., Smith, S. E., Patterson, P. H. & Bauman, M. D. Maternal immune activation in nonhuman primates 
alters social attention in juvenile offspring. Biol. Psychiatry 77, 823–832 (2015).

16. Berretta, S., Pantazopoulos, H., Markota, M., Brown, C. & Batzianouli, E. T. Losing the sugar coating: potential impact of 
perineuronal net abnormalities on interneurons in schizophrenia. Schizophr Res. 167, 18–27 (2015).

17. Do, K. Q., Cuenod, M. & Hensch, T. K. Targeting oxidative stress and aberrant critical period plasticity in the developmental 
trajectory to schizophrenia. Schizophr. Bull. 10.1093/schbul/sbv065 (2015).

18. Hockfield, S., Kalb, R. G., Zaremba, S. & Fryer, H. Expression of neural proteoglycans correlates with the acquisition of mature 
neuronal properties in the mammalian brain. Cold Spring Harb. Symp. Quant. Bio. 55, 505–514 (1990).

19. Brückner, G. et al. Perineuronal nets provide a polyanionic, glia‐associated form of microenvironment around certain neurons in 
many parts of the rat brain. Glia, 8, 183–200 (1993).

20. Brückner, G., Bringmann, A., Köppe, G., Härtig, W. & Brauer, K. In vivo and in vitro labelling of perineuronal nets in rat brain. Brain 
Res. 720, 84–92 (1996).

21. Koppe, G., Bruckner, G., Hartig, W., Delpech, B. & Bigl, V. Characterization of proteoglycan-containing perineuronal nets by 
enzymatic treatments of rat brain sections. Histochem. J. 29, 11–20 (1997).

22. Härtig, W. et al. Perineuronal nets in the rat medial nucleus of the trapezoid body surround neurons immunoreactive for various 
amino acids, calcium-binding proteins and the potassium channel subunit Kv3. 1b. Brain Res. 899, 123–133 (2001).

23. Fox, K. & Caterson, B. Freeing the brain from the perineuronal net. Science 298, 1187–1189 (2002).
24. Pizzorusso, T. et al. Reactivation of ocular dominance plasticity in the adult visual cortex. Science 298, 1248–1251 (2002).
25. Berardi, N., Pizzorusso, T., Ratto, G. M. & Maffei, L. Molecular basis of plasticity in the visual cortex. Trends Neurosci. 26, 369–378 

(2003).
26. Rhodes, K. E. & Fawcett, J. W. Chondroitin sulphate proteoglycans: preventing plasticity or protecting the CNS? J. Anat. 204, 33–48 

(2004).
27. Pantazopoulos, H., Woo, T. U., Lim, M. P., Lange, N. & Berretta, S. Extracellular matrix-glial abnormalities in the amygdala and 

entorhinal cortex of subjects diagnosed with schizophrenia. Arch. Gen. Psychiatry 67, 155–166 (2010).
28. Pantazopoulos, H. et al. Proteoglycan abnormalities in olfactory epithelium tissue from subjects diagnosed with schizophrenia. 

Schizophr. Res. 150, 366–372 (2013).
29. Pantazopoulos, H. et al. Aggrecan and chondroitin-6-sulfate abnormalities in schizophrenia and bipolar disorder: a postmortem 

study on the amygdala. Transl. Psychiatry 5, e496, doi: 10.1038/tp.2014.128 (2015).
30. Mauney, S. A. et al. Developmental pattern of perineuronal nets in the human prefrontal cortex and their deficit in schizophrenia. 

Biol. Psychiatry 74, 427–435 (2013).
31. Enwright, J. F. et al. Reduced Labeling of Parvalbumin Neurons and Perineuronal Nets in the Dorsolateral Prefrontal Cortex of 

Subjects with Schizophrenia. Neuropsychopharmacology 41, 2206–2214 (2016).
32. Bitanihirwe, B. K. & Woo, T. U. Perineuronal nets and schizophrenia: the importance of neuronal coatings. Neurosci. Biobehav. Rev. 

45, 85–99 (2014).
33. Sur, M., Frost, D. O. & Hockfield, S. Expression of a surface-associated antigen on Y-cells in the cat lateral geniculate nucleus is 

regulated by visual experience. J. Neurosci. 8, 874–882 (1988).
34. Bavelier, D., Levi, D. M., Li, R. W., Dan, Y. & Hensch T. K. Removing brakes on adult brain plasticity: from molecular to behavioral 

interventions. J. Neurosci. 30, 14964–14971 (2010).
35. Takesian, A. E. & Hensch, T. K. Balancing plasticity/stability across brain development. Prog. Brain Res. 207, 3–4 (2013).
36. Tukker, J. J., Fuentealba, P., Hartwich, K., Somogyi, P. & Klausberger T. Cell type-specific tuning of hippocampal interneuron firing 

during gamma oscillations in vivo. J. Neurosci. 27, 8184–8189 (2007).
37. Sohal, V. S., Zhang, F., Yizhar, O. & Deisseroth, K. Parvalbumin neurons and gamma rhythms enhance cortical circuit performance. 

Nature, 459, 698–702 (2009).
38. Buzsáki, G. & Wang, X. J. Mechanisms of gamma oscillations. Ann. Rev. Neurosci. 35, 203 (2012).
39. Hashimoto, T. et al. Gene expression deficits in a subclass of GABA neurons in the prefrontal cortex of subjects with schizophrenia 

J. Neurosci. 23, 6315–6326 (2003).
40. Cho, R. Y., Konecky, R. O. & Carter, C. S. Impairments in frontal cortical γ synchrony and cognitive control in schizophrenia. Proc. 

Natl. Acad. Sci. USA 103, 19878–19883 (2006).
41. Basar-Eroglu, C. et al. Working memory related gamma oscillations in schizophrenia patients. Int. J. Psychophysiol. 64, 39–45 (2007).
42. Mellios, N. et al. Molecular determinants of dysregulated GABAergic gene expression in the prefrontal cortex of subjects with 

schizophrenia. Biol. Psychiatry 65, 1006–1014 (2009).
43. Spencer, K. M., Niznikiewicz, M. A., Shenton, M. E. & McCarley, R. W. Sensory-evoked gamma oscillations in chronic 

schizophrenia. Biol. Psychiatry 63, 744–747 (2008).
44. Fung, S. J. et al. Expression of interneuron markers in the dorsolateral prefrontal cortex of the developing human and in 

schizophrenia. Am. J. Psychiatry 167, 1479–1488 (2010).
45. Gonzalez-Burgos, G., Hashimoto, T. & Lewis, D. A. Alterations of cortical GABA neurons and network oscillations in schizophrenia. 

Curr. Psychiatry Rep. 12, 335–344 (2010).
46. Härtig, W. et al. Cortical neurons immunoreactive for the potassium channel Kv3. 1b subunit are predominantly surrounded by 

perineuronal nets presumed as a buffering system for cations. Brain Res. 842, 15–29 (1999).
47. Reinert, T., Morawski, M., Arendt, T. & Butz, T. Quantitative microanalysis of perineuronal nets in brain tissue. Nucl. Instrum. 

Methods Phys. Res. B. 210, 395–400 (2003).
48. Lewis, D. A., Curley, A. A., Glausier, J. R. & Volk, D. W. Cortical parvalbumin interneurons and cognitive dysfunction in 

schizophrenia. Trends Neurosci. 35, 57–67 (2012).
49. Gonzalez-Burgos, G., Cho, R. Y. & Lewis, D. A. Alterations in cortical network oscillations and parvalbumin neurons in 

schizophrenia. Biol. Psychiatry 77, 1031–1040 (2015).
50. Curley, A. A. & Lewis, D. A. Cortical basket cell dysfunction in schizophrenia. J. Physiology 590, 715–724 (2012).
51. Volk, D. W. et al. Deficits in transcriptional regulators of cortical parvalbumin neurons in schizophrenia. Am. J. Psychiatry 169, 

1082–1091 (2012).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:37580 | DOI: 10.1038/srep37580

52. Glausier, J. R., Fish, K. N. & Lewis, D. A. Altered parvalbumin basket cell inputs in the dorsolateral prefrontal cortex of schizophrenia 
subjects. Mol. Psychiatry 19, 30–36 (2014).

53. Richetto, J., Calabrese, F., Riva, M. A. & Meyer, U. Prenatal immune activation induces maturation-dependent alterations in the 
prefrontal GABAergic transcriptome. Schizophr. Bull 40, 51–61 (2014).

54. Cassella, S. N. et al. Maternal immune activation alters glutamic acid decarboxylase-67 expression in the brains of adult rat offspring. 
Schizophr. Res. 171, 195–199 (2016).

55. Canetta, S. et al. Maternal immune activation leads to selective functional deficits in offspring parvalbumin interneurons. Mol. 
Psychiatry 21, 956–968 (2016).

56. Zahrt, J., Taylor, J. R., Mathew, R. G. & Arnsten, A. F. Supranormal stimulation of D1 dopamine receptors in the rodent prefrontal 
cortex impairs spatial working memory performance. J. Neurosci. 17, 8528–8535 (1997).

57. Miner, L. A., Ostrander, M. & Sarter, M. Effects of ibotenic acid-induced loss of neurons in the medial prefrontal cortex of rats on 
behavioral vigilance: evidence for executive dysfunction. J. Psychopharmacol. 11, 169–178 (1997).

58. Passetti, F., Chudasama, Y. & Robbins, T. W. The frontal cortex of the rat and visual attentional performance: dissociable functions 
of distinct medial prefrontal subregions. Cereb. Cortex 12, 1254–1268 (2002).

59. Wolff, A. R. & Bilkey, D. K. Immune activation during mid-gestation disrupts sensorimotor gating in rat offspring. Behav. Brain Res. 
190, 156–159 (2008).

60. Wolff, A. R., Cheyne, K. R. & Bilkey, D. K. Behavioural deficits associated with maternal immune activation in the rat model of 
schizophrenia. Behav. Brain Res. 225, 382–387 (2011).

61. Li, W. Y., Chang, Y. C., Lee, L. H. & Lee, L. J. Prenatal infection affects the neuronal architecture and cognitive function in adult mice. 
Dev. Neurosci. 36, 359–370 (2014).

62. Vorhees, C. V. et al. Prenatal immune challenge in rats: effects of polyinosinic–polycytidylic acid on spatial learning, prepulse 
inhibition, conditioned fear, and responses to MK-801 and amphetamine. Neurotoxicol. Teratol. 47, 54–65 (2015).

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

64. Wang, D. & Fawcett, J. The perineuronal net and the control of CNS plasticity. Cell Tissue Res. 349, 147–160 (2012).
65. Bitanihirwe, B. K., Mauney, S. A. & Woo, T. U. Weaving a Net of Neurobiological Mechanisms in Schizophrenia and Unraveling the 

Underlying Pathophysiology. Biol. Psychiatry, doi: 10.1016/j.biopsych.2016.03.1047 (2016).
66. Pantazopoulos, H. & Berretta, S. In Sickness and in Health: Perineuronal Nets and Synaptic Plasticity in Psychiatric Disorders. 

Neural Plast. doi: 10.1155/2016/9847696 (2016).
67. Gogolla, N., Caroni, P., Lüthi, A. & Herry, C. Perineuronal nets protect fear memories from erasure. Science 325, 1258–1261 (2009).
68. Ibi, D. et al. Combined effect of neonatal immune activation and mutant DISC1 on phenotypic changes in adulthood. Behav. Brain 

Res. 206, 32–37 (2010).
69. Beasley, C. L. & Reynolds, G. P. Parvalbumin-immunoreactive neurons are reduced in the prefrontal cortex of schizophrenics. 

Schizophr. Res. 24, 349–355 (1997).
70. Nakayama, D. et al. Frontal association cortex is engaged in stimulus integration during associative learning. Curr. Biol. 25, 117–123 

(2015).
71. Faissner, A. et al. Contributions of astrocytes to synapse formation and maturation—potential functions of the perisynaptic 

extracellular matrix. Brain Res. Rev. 63, 26–38 (2010).
72. Wiese, S., Karus, M. & Faissner, A. Astrocytes as a source for extracellular matrix molecules and cytokines. Front. Pharmacol. 3, 120 

(2012).
73. Gottschall, P. E. & Deb, S. Regulation of matrix metalloproteinase expression in astrocytes, microglia and neurons. 

Neuroimmunomodulation, 3, 69–75 (1996).
74. Klausmeyer, A., Conrad, R., Faissner, A. & Wiese, S. Influence of glial‐derived matrix molecules, especially chondroitin sulfates, on 

neurite growth and survival of cultured mouse embryonic motorneurons. J. Neurosci. Res. 89, 127–141 (2011).
75. Giovanoli, S., Weber-Stadlbauer, U., Schedlowski, M., Meyer, U. & Engler, H. Prenatal immune activation causes hippocampal 

synaptic deficits in the absence of overt microglia anomalies. Brain Behav. Immun. 55, 25–38 (2016).
76. Smolders, S. et al. Maternal immune activation evoked by polyinosinic: polycytidylic acid does not evoke microglial cell activation 

in the embryo. Front. Cell Neurosci. 9, 301 (2015).
77. Domenici, E. et al. Plasma protein biomarkers for depression and schizophrenia by multi analyte profiling of case-control 

collections. PLoS One 5, e9166 (2010).
78. Yamamori, H. et al. Plasma levels of mature brain-derived neurotrophic factor (BDNF) and matrix metalloproteinase-9 (MMP-9) 

in treatment-resistant schizophrenia treated with clozapine. Neurosci. Lett. 556, 37–41 (2013).
79. Pietersen, C. Y. et al. Molecular profiles of parvalbumin-immunoreactive neurons in the superior temporal cortex in schizophrenia. 

J. Neurogenet. 28, 70–85 (2014).
80. Devanarayanan, S., Nandeesha, H., Kattimani, S. & Sarkar, S. Relationship between matrix metalloproteinase-9 and oxidative stress 

in drug-free male schizophrenia: a case control study. Clin. Chem. Lab Med. 54, 447–452 (2016).
81. Paxinos, G. & Watson, C. The rat brain atlas in stereotaxic coordinates. San Diego: Academic (1998).

Acknowledgements
This work was supported by Alberta Innovates Health Solutions (I.R.W.), the University of Alberta Hospital 
Foundation (I.R.W.), the Canadian Institutes of Health Research (JGH, #125984), Discovery Grants from the 
Natural Sciences and Engineering Research Council of Canada (I.R.W., J.G.H.), and a Brain Canada Multi-
Investigator Research Initiative Grant (J.G.H., with matching support from Genome British Columbia, the 
Michael Smith Foundation for Health Research, Saskatchewan Health Research Foundation, and the Koerner 
Foundation, PI: Terrance P. Snutch, University of British Columbia). J.G.H. is a CIHR New Investigator. 
Microsopy infrastructure was purchased with support from the Canada Foundation for Innovation and Province 
of Alberta Small Equipment Grants program (I.R.W.). JWH received salary support from the Neuroscience 
and Mental Health Institute at the University of Alberta. B.R.L. received salary support from the University of 
Saskatchewan.

Author Contributions
J.G.H. and I.R.W. conceived and supervised the project. B.R.L., Q.G., and J.G.H. induced the prenatal infections 
in dams and raised the offspring. J.W.P. conducted the tissue processing, immunohistochemistry, and microscopy. 
J.W.P., R.S.M., and N.M. conducted image quantification and statistical analyses. J.W.P., J.G.H., and I.R.W. wrote 
the manuscript.



www.nature.com/scientificreports/

1 1Scientific RepoRts | 6:37580 | DOI: 10.1038/srep37580

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Paylor, J. W. et al. Developmental disruption of perineuronal nets in the medial 
prefrontal cortex after maternal immune activation. Sci. Rep. 6, 37580; doi: 10.1038/srep37580 (2016).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://creativecommons.org/licenses/by/4.0/

	Developmental disruption of perineuronal nets in the medial prefrontal cortex after maternal immune activation
	Introduction
	Results
	Effects of polyI:C treatment on the dams and litters
	Effects of polyI:C treatment on PNNs and associated markers
	Medial Prelimbic Cortex
	Frontal Association Cortex
	Amygdala
	Primary Auditory Cortex
	Immune Cells

	Discussion
	Methods
	Subjects and Housing
	Treatment Procedure
	Follow-up Care of Dams and Pups
	Tissue Collection
	Immunohistochemistry
	Imaging
	Identification of Brain Regions
	Quantification
	Statistical Analyses

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Developmental disruption of perineuronal nets in the medial prefrontal cortex after maternal immune activation
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37580
            
         
          
             
                John W. Paylor
                Brittney R. Lins
                Quentin Greba
                Nicholas Moen
                Reiner Silveira de Moraes
                John G. Howland
                Ian R. Winship
            
         
          doi:10.1038/srep37580
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep37580
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep37580
            
         
      
       
          
          
          
             
                doi:10.1038/srep37580
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37580
            
         
          
          
      
       
       
          True
      
   




