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Abstract

Current understanding of the etiology of neurodevelopmental disorders is limited; however, recent
epidemiological studies demonstrate a strong correlation between prenatal infection during
pregnancy and the development of schizophrenia in adult offspring. In particular, schizophrenia
patients subjected to prenatal infection exhibit impairments in executive functions greater than
schizophrenia patients not exposed to an infection while in utero. Acute prenatal treatment of
rodents with the viral mimetic polyinosinic-polycytidylic acid (Polyl:C) induces behavioural and
neuropathological alterations in the adult offspring similar to schizophrenia. However,
impairments on tasks of executive function that involve the prefrontal cortex (PFC) have been
rarely examined for the prenatal infection model. Hence, we investigated the effects of acute
prenatal injection of Polyl:C (4.0 mg/kg, i.v., gestational day 15) on strategy set-shifting and
reversal learning in an operant-based task. Our results show male, but not female, Polyl:C-treated
adult offspring require more trials to reach criterion and perseverate during set-shifting. An
opposite pattern was seen on the reversal day where the Polyl:C-treated male rats made fewer
regressive errors. Females took more pre-training days and were slower to respond during the
trials when compared to males regardless of prenatal treatment. The present findings validate the
utility of the prenatal infection model for examining alterations of executive function, one of the
most prominent cognitive symptoms of schizophrenia.
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1. Introduction

The etiology of neurodevelopmental psychiatric disorders such as schizophrenia is
complicated and poorly understood. Genetic factors play a significant role; however,
monozygotic concordance rates in most studies are significantly lower than 100%
(approximately 50% for schizophrenia), suggesting environmental factors are also involved
(Brown, 2011; Patterson, 2007). Epidemiological studies show early environmental factors
including prenatal infection, season of birth, and obstetric complications increase the risk of
neurodevelopmental disorders later in life (Ciaranello and Ciaranello, 1995; Weinberger,
1995; Wong and Van Tol, 2003). In particular, recent prospective studies using serum
measures to confirm maternal infection provide strong support for a dramatically increased
risk (three- to seven-fold) of schizophrenia in offspring of mothers who had respiratory
infections (Boksa, 2008; Brown et al., 2004; Brown, 2006; Brown and Derkits, 2010; Brown
and Susser, 2002; Patterson, 2007, 2009; Pearce, 2001). These findings have prompted
research into the behavioural and neuropathological effects of prenatal infection in rodents
as models of neuropsychiatric iliness (Meyer et al., 2009; Patterson, 2009; Pearce, 2001).

Prenatal infection in rodents causes an array of behavioural changes in the offspring relevant
to psychiatric disorders including alterations in prepulse inhibition, locomotor activity, latent
inhibition, anxiety, social interaction, and memory (Bitanihirwe et al., 2010a, 2010b; Meyer
et al., 2005; Meyer et al., 2009; Ozawa et al., 2006; Shi et al., 2003; Wolff and Bilkey, 2008,
2010; Zuckerman et al., 2003; Zuckerman and Weiner, 2003, 2005). At least some of the
changes show post-pubertal emergence consistent with the typical course of schizophrenia in
humans (Meyer et al., 2009; Ozawa et al., 2006; Zuckerman and Weiner, 2003). However,
the prenatal infection model has not been well characterized with regard to the most
prominent cognitive symptoms of schizophrenia including disruptions in executive functions
mediated by the prefrontal cortex.

The importance of cognitive symptoms has been emphasized in schizophrenia because the
symptoms are severe, particularly enduring, and strongly correlated with long-term patient
outcomes (Elvevag and Goldberg, 2000; Floresco et al., 2005; Keefe and Fenton, 2007;
Lewis and Gonzalez-Burgos, 2006, 2008). Patients with schizophrenia, like those with
frontal lobe lesions, display perseverative deficits on measures related to cognitive flexibility
such as attentional set-shifting (Leeson et al., 2009; Pantelis et al., 1999) and reversal
learning (Leeson et al., 2009; McKirdy et al., 2009; Murray et al., 2008; Pantelis et al.,
1999; Waltz and Gold, 2007). Notably, schizophrenia patients whose mothers had a
confirmed infection during pregnancy made significantly more errors on the Wisconsin Card
Sorting Task and Trails B test than either controls or schizophrenia patients that were not
exposed to infection during fetal development (Brown et al., 2009).

Given these observations, the present study assessed the effects of prenatal infection on
behavioural flexibility in rats using a well characterized task in rodents (Floresco et al.,
2008, 2009). This automated operant-based procedure involves simple discriminations,
strategy shifts, and reversals between visual cues and egocentric spatial response strategies
to obtain food reward. We hypothesized that strategy set-shifting and reversal learning would
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be altered in the adult male and female offspring of pregnant rats exposed to Polyl:C in mid-
late gestation (gestational day (GD) 15).

2. Materials and methods

2.1. Subjects

Timed pregnant Long-Evans dams (gestational day (GD) 7; Charles River Laboratories,
Quebec, Canada) were singly housed in transparent plastic cages in a temperature controlled
(21 °C) colony room on a 12/12 h light/dark cycle with food (Purina Rat Chow) and water
available ad /ibitum. All experiments were conducted during the light phase of a 12:12 h
light/dark cycle (lights on at 07:00 h). All experiments were performed in accordance with
the Canadian Council on Animal Care and were approved by the University of
Saskatchewan Animal Care and Use Program.

2.2. Prenatal treatment

2.3. Estrous

On GD 15, dams (n7=20) were individually transported to a room where weight and rectal
temperature (Homeothermic Blanket System, Harvard Instruments, MA) were measured.
Dams were then anesthetized with isoflurane (5% induction and 2.5% maintenance) and
injected intravenously with a single dose of either saline or Polyl:C (4.0 mg/kg, High
Molecular Weight, InVitroGen, San Diego, CA) via the tail vein. This procedure took an
average of 10 min per animal and care was taken to ensure the saline-treated dams were
anaesthetized for the same length of time as the Polyl:C-treated dams. Weight and
temperature were measured again 8, 24, and 48 h after the injection. Dams were otherwise
left undisturbed until the day after parturition. Experimenters were blind to the treatment of
the dams and pups during the course of all experiments.

The day of parturition was designated postnatal day (PND) 0. On PND 1, litters were
weighed and culled to 10 pups per litter (6 males and 4 females where possible).
Observations of maternal behaviour were initiated the next day and continued for 7 days,
with two 10 min sessions twice daily (08:00-10:00 h and 15:00-17:00 h). A maternal
behaviour rating scale was adapted from previous studies (Barha et al., 2007). The maternal
behaviours recorded were: 1) arch-back nursing/licking and grooming (ABN/LG): mom
over the pups in an arched position and licking them; 2) blanket nursing: mom lying over the
pups, relaxed; 3) passive nursing: mom lying on her side nursing the pups; 4) off nest: mom
outside of nest and away from the pups. Other than maternal observations and routine
husbandry (including taking litter weights on PND 8 and 14), litters were left undisturbed
until weaning on PND 21. Weaned pups from the same litter were housed in same-sex cages
of 3 or 4 in separate colony rooms. On PND 53, 1 or 2 pups of each sex from each litter
were randomly selected for the present experiment. Rats were individually housed and food
restricted to 85% of their free feeding weight until PND 60 when lever training commenced.

cycle measurements

From PND 56 to the last day of experimental testing, vaginal smears were taken for each
female offspring (1= 22). Every morning between 08:30 and 10:00 h, a vaginal sample was
collected by inserting a plastic pipette tip loaded with 20 pl of 0.9% saline into the vagina
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(~5 mm deep). The saline was ejected, immediately reloaded into the pipette, and then
ejected onto a glass slide. Typically, 5 samples were put on a given slide, after which
Cytoprep (Fisher Scientific) was sprayed onto the slide. Wet samples were viewed using a
light microscope and estrous cycle was determined using established cytology methods
(Goldman et al., 2007; Marcondes et al., 2002). Four phases were identified: 1) proestrus:
majority of the cells present are round, nucleated epithelial cells; 2) estrus: majority are
irregular, not nucleated cells; 3) metestrus: consists of equal number of nucleated epithelial,
non-nucleated cells, leukocytes in the sample; and 4) diestrus: majority of cells are
leukocytes. Female rats in both treatment groups displayed normal alterations in the stage of
the estrous cycle during the period prior to behavioural testing. During testing, no effort was
made to control for the stage of the estrous cycle; rather, performance was correlated with
the naturally occurring stage of the estrous cycle. No correlation was observed between
stage of the estrous cycle and trials to criterion (TTC) for either the visual-cue or set-shifting
test day in either treatment group (Pearson /s < 0.20, p’s > 0.48 for visual-cue and set-
shifting). A significant correlation was observed between stage of estrous cycle and TTC on
reversal learning day in the saline-treated offspring (r=—-0.677, p= 0.045) but not the
Polyl:C-treated offspring (r= 0.04, NS). TTC were greater for females in metestrus and
diestrus (n=3, TTC = 107.67) than proestrus and estrus (=6, TTC = 80.83) in the saline-
treated group. The importance of this observation is not clear; however, it is worth noting
that the group means for TTC on the reversal learning day were not different between the
two treatment groups (see Results, Section 3.6). In addition, the small sample size (n=9
observations) makes drawing firm conclusions from this correlation difficult.

2.4. Behavioural testing

2.4.1. Apparatus—All training and testing were conducted in four operant chambers (32 x
25.5 x 25 cm; Med Associates Systems, St. Albans, VT, USA). Each operant chamber was
located within a wooden sound-attenuating box (63.6 x 35.6 x 75.6 cm; W x H x L)
equipped with a fan that provided background noise and ventilation. Each operant chamber
included a food receptacle where food rewards (Dustless Precision Pellets, 45 mg, Rodent
Purified Diet; BioServ, Frenchtown, NJ) were delivered via a pellet dispenser. A retractable
lever and a stimulus light were positioned on either side of the receptacle. A single house
light (100 mA) located near the top and center of the wall opposite the levers illuminated the
chamber. The chamber floor consisted of a removable metal grid which contained a
detachable tray. A personal computer and interface box controlled the presentation of the
trials and recorded all experimental data.

2.4.2. Lever training—Pre-training protocols closely followed those previously published
(Floresco et al., 2008, 2009). Rats were given 20 reward pellets in their home cages the day
prior to the commencement of lever training. On the first day of training, ~2—-3 reward
pellets were crushed into a fine powder and placed on the extended lever. Rats were trained
under a fixed-ratio 1 (FR1) schedule to a criterion of 45 presses in 30 min. Rats were first
trained on one lever before being trained on the other (counterbalanced left/right between
subjects). On subsequent days, rats were familiarized with the insertion of levers into the
chamber and trained to press them within 10 s of insertion. These training sessions consisted
of 90 trials and began with both levers retracted and the chamber in darkness. A trial began
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every 20 s with the illumination of the house light and the insertion of one of the levers into
the chamber. If the rat failed to press the lever within 10 s, the lever was retracted, the house
light was extinguished, and the trial was scored as an omission. If the rat responded within
10 s, the lever was retracted, a reward pellet was delivered, and the house light remained on
for 4 additional seconds. The left and right levers were each presented once in every pair of
trials with the order of presentation randomized within each pair. The stimulus lights above
the levers were never illuminated during lever training sessions. The criterion to pass
training was to make <5 omissions in a training session. Rats were trained in this manner for
a minimum of 5 days or until the criterion was reached. Upon reaching criterion, the side
preference of the rat was determined. Here, both levers were inserted and pressing either one
would result in the delivery of a reward pellet. On subsequent trials, rats were required to
alternate between left and right levers to obtain a reward. The session ended after 7 reward
pellets were delivered. A rat’s side preference was determined using the total number of left
and right lever presses. If the total right and left lever presses were comparable, then the
lever chosen first was counted as the side preference. However, if a rat consistently focused
on one lever during the session (=2:1 ratio), then that side would be taken as the side
preference. Testing began the day following the final training session.

2.4.3. Visual-cue discrimination—The initial discrimination required rats to press the
lever with the stimulus light illuminated above it. Rats were trained to a criterion of 10
consecutive correct choices. Each daily session consisted of a minimum of 30 trials and a
maximum of 150 trials. If a rat reached criterion before 30 trials were conducted, the
program terminated after 30 trials. If a rat did not reach criterion within 150 trials, visual-cue
discrimination testing continued on subsequent days until criterion was reached. Each
session began with both levers retracted and the chamber in darkness (the inter-trial state).
Every 20 s, a trial began with one of the stimulus lights being illuminated. The house light
was illuminated 3 s later with both levers being inserted into the chamber. A correct
response (pressing the lever underneath the illuminated stimulus light) resulted in the
retraction of both levers and the delivery of a food pellet. The house light remained on for 4
s before being extinguished and the chamber was returned to the inter-trial state. An
incorrect response (pressing the lever not underneath the illuminated stimulus light) resulted
in the chamber immediately reverting to the inter-trial state and no food reward being
delivered. Failure to respond to either lever within 10 s also resulted in the chamber
returning to the inter-trial state with the trial being scored as an omission. The left and right
stimulus lights were illuminated once in every pair of trials with the order within each pair
randomized. The lever the rat chose and the stimulus light illuminated were recorded for
each trial. Omissions were not included in the TTC.

2.4.4. Shift to response discrimination (strategy set-shift)}—On the day following
visual-cue discrimination testing, rats were required to ignore the visual-cue (illuminated
stimulus light) and respond to a spatial-cue (the lever opposite to their side preference) to
receive a reward pellet. Trial format and criterion measures were the same as the visual-cue
discrimination day. Errors during this phase of testing were broken down into 3 subtypes as
has been previously described (Floresco et al., 2008, 2009; Haluk and Floresco, 2009;
Ragozzino, 2002, 2007). Perseverative errors were scored when a rat continued to use the
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previously relevant but currently irrelevant strategy. For example, if a rat pressed the lever
opposite to the side they required to respond while the stimulus light above it was
illuminated, a perseverative error was counted. Eight out of every 16 consecutive trials
(defined as a block) allowed the rat to respond this way. For each block, perseverative errors
were counted when rats pressed the incorrect lever 6 or more trials per block. Once a rat
made 5 or fewer incorrect lever presses during a block, all subsequent perseverative errors
were counted as regressive errors. Perseverative errors are considered as a measure of
disengaging from a strategy while regressive errors are commonly considered a measure of
maintaining a new strategy (Floresco et al., 2008, 2009; Haluk and Floresco, 2009;
Ragozzino, 2002, 2007). Never-reinforced errors were scored when rats pressed the
incorrect lever when the stimulus light was illuminated above the correct lever.

2.4.5. Response reversal—During this phase of testing, rats were required to press the
lever opposite to the one required during the previous set-shifting day (e.g., press left lever
on set-shift day then press right lever on reversal day). The trial format and criterion were
identical to the visual cue and set-shifting test days. Errors were broken down into 2
subtypes. Perseverative and regressive errors were counted in a similar manner to the set-
shifting day. However, perseverative errors were scored when a rat made 10 or more errors
within a block of 16 trials, excluding the first block when errors were always scored as
perseverative (Floresco et al., 2009). All subsequent errors (i.e., once less than 10 errors per
block were made) were scored as regressive errors.

2.5. Data analysis

3. Results

All analyses were computed using SPSS Version 18. Effects of Polyl:C treatment on the
pregnant dams and litters were analyzed with repeated measures ANOVA using Treatment
(saline vs. Polyl:C) as a between subjects factor and Time (0, 8, 24, 48 h post-treatment) as a
within subjects factor. Data related to operant behaviour testing were analyzed with two-way
ANOVA/ANCOVA with Treatment and Sex as between subject factors for each test day and
average response latency as a covariate where appropriate. Simple main effects were tested
with independent samples #tests. Errors during behavioural testing were analyzed with
repeated measures ANOVA using Error Type as a within subjects factor and Treatment and
Sex as between subjects factors. Post-hoc tests for the repeated measures ANOVA were
performed by hand using the Neumann-Keuls method. £ values of <0.05 were considered
significant.

3.1. Effects of Polyl:C on dams and pups

Pregnant dams were randomly assigned to receive either Polyl:C (n = 11) or saline (n=9).
Weight and rectal temperature were taken at 0, 8, 24, and 48 h after Polyl:C injection.
Statistical analysis of dam weights revealed a significant main effect of Time (A3, 54) =
37.38, p<0.001), a significant Treatment by Time interaction (A3, 54) = 11.56, p< 0.001),
and no main effect of Treatment (AH1,18) = 2.47, NS). Post-hoc analyses revealed that dam
weights differed between the saline (0 h: 361.44 + 13 g; 8 h: 352.09 + 12 g) and Polyl:C-
treated groups (0 h: 397.02 £ 8 g; 8 h: 377.55 + 8 g) at 0 and 8 h (p < 0.05). Further analysis
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of the weight data revealed that dams in both groups lost weight in response to being
anesthetized, although the Polyl:C-treated animals lost more weight (Fig. 1A, saline: 2.52%;
Polyl:C 4.93%). At 24 and 48 h, the Polyl:C-treated animals gained significantly less weight
than the saline-treated animals, as revealed by a significant Time by Group interaction for
the percentage of weight lost at 8, 24, 48 h relative to initial weight at 0 h (A2, 36) =5.62, p
< 0.007; post-hoc for 24, 48 h, p< 0.05). Analysis of temperature data (Fig. 1B) showed a
significant Treatment by Time interaction (A3, 54) = 6.41, p= 0.001) without significant
main effects of Treatment (A1, 18) = 0.54, NS) or Time (A3, 54) = 2.68, NS). Post-hoc
analyses revealed that the temperature of the Polyl:C-treated animals was significantly
higher than the saline-treated animals 8 h after injection. An average of 13.89 + 1 and 12.55
+ 1 pups were born to the saline-treated and Polyl:C-treated dams, respectively. No
significant effect was noted for prenatal treatment regarding the number (t(18) = 0.77, NS)
or weight of the pups on PND 1, 8, 14, or 21 (data not shown; A3, 54) = 0.59, NS).

3.2. Maternal behaviour

Maternal behaviour was measured twice daily from PND 2 to 8 during the light cycle.
Measures reported include ABN/LG and off nest time. Blanket and passive nursing were
infrequently observed in our sample. When observations from all sessions were summed,
saline-treated dams displayed 2735.56 + 480 s of ABN/LG and 3921.67 + 385 s off nest
time. Polyl:C-treated dams displayed 3077.27 + 315 s of ABN/LG and 3365.46 + 353 s off
nest time. A repeated measures ANOVA revealed no effect of Treatment (A1, 18) = 0.23,
NS), Day (A6, 108) = 1.26, NS) or a Treatment x Day interaction (A6, 108) = 1.77, NS) on
ABN/LG. Similarly, no effect of Treatment (A1, 18) = 0.87, NS), Day (A6, 108) = 1.91,
NS) or a Treatment x Day interaction (A6, 108) = 0.87, NS) was found for off nest time.

3.3. Operant training

The effects of Treatment and Sex on the number of days required for operant training were
considered. Inspection of the data revealed that female rats took longer to complete training
regardless of their Treatment condition (days of FR1: males 3.32 £ 0.6, females 4.09 + 0.3;
days of retractable lever: males 5.32 + 0.1, females 6.09 + 0.3; omits: males 1.55 + 0.4,
females 3.00 + 0.4). These differences were significant for the number of days required for
retractable lever training (A1, 40) = 4.84, p=0.034) and omitted trials during the last
training day (A1, 40) = 7.73, p=0.008). No significant effect of Sex was observed for FR1
training (A1, 40) = 2.83, NS) and no effect of Polyl:C Treatment or interactions between
Sex and Polyl:C Treatment were found for days required for FR1 training, retractable lever
training, or omitted trials (all F’s< 1.1, NS).

3.4. Visual-cue discrimination

The number of TTC and errors were similar for all groups during the visual-cue
discrimination day (Fig. 2A, B). These impressions were confirmed statistically, with
insignificant effects of Treatment (TTC: A1, 40) = 0.28, NS; Errors: A1, 40) = 0.57, NS),
Sex (TTC: A1, 40) = 2.25, NS; Errors: A1, 40) = 2.74, NS), and Sex x Treatment
interactions (TTC: A1, 40) = 0.22, NS; Errors: A1, 40) = 1.05, NS). While average response
latencies did not differ as a result of treatment (A1, 40) = 0.17, NS), they differed for sex
with female rats taking significantly longer than males to respond when the levers were
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inserted (Fig. 2C; A1, 40) = 4.70; p= 0.03). Taken together, these results suggest that
Polyl:C treatment did not affect the learning of visual-cue discrimination, although female
rats, regardless of treatment condition, were slower than male rats to respond to insertion of
the levers.

3.5. Shift to response discrimination

On this test day, rats were required to shift their strategy from responding to the light cue to
using an egocentric spatial strategy. Inspection of the data (Fig. 3A) revealed that males
treated prenatally with Polyl:C required more TTC (102.46 £12 trials) than males treated
prenatally with saline (64.73 + 8 trials). In contrast, female rats performed similarly
regardless of treatment (Polyl:C group: 80.92 £ 10 trials; saline group: 82.50 + 13). A two-
way ANOVA revealed in significant main effects of Treatment (A1, 40) = 2.90; NS) and Sex
(A1, 40) = 0.03; NS) while a trend toward a significant Sex x Treatment interaction was
observed (A1, 40) = 3.43; p=0.07). Further analysis of the data for each sex revealed that,
when considered alone, the male Polyl:C-treated offspring took significantly more trials to
reach criterion (t(20) = -2.71, p=0.01). No difference for TTC was observed when the
females were considered alone (t(20) = 0.01, NS). Average response latencies were
significantly slower for the female rats (A1, 40) = 7.55, p= 0.009) with no significant main
effect for Treatment (A1, 40) = 1.37, NS) or a Sex x Treatment interaction (A1, 40) = 0.37,
NS). Due to a significant sex difference for ARL, analysis of treatment effects on TTC with
ARL as a covariate was performed. This analysis showed that Polyl:C male rats were
significantly slower in reaching criterion than saline-treated male rats (A1, 19) = 5.209; p=
0.03) whereas female rats required a similar number of TTC regardless of treatment (A1,
19) = 0.03; NS).

The animals did not differ on the total number of errors (Fig. 3B) made when either
Treatment (A1, 40) = 2.33, NS) or Sex (A1, 40) = 0.03, NS) were considered; however,
there was a significant Sex by Treatment interaction (A1, 40) = 4.50, p= 0.04). Male
Polyl:C-treated offspring made significantly more errors (post-hoc, p < 0.05) than saline-
treated offspring whereas no significant difference existed for female offspring. When errors
are broken down into perseverative, regressive and never-reinforced subtypes, a repeated
measures ANOVA revealed no main effect of Sex (A2, 80) = 0.30, NS) or Treatment (A2,
80) = 0.58, NS) but a significant Sex by Treatment by Error interaction (A2, 80) = 4.15, p=
0.02). Post-hoc comparisons indicated that Polyl:C-treated males committed significantly
more perseverative errors than saline-treated males (Fig. 3C; p < 0.05). No significant
differences were noted for regressive or never-reinforced errors in the male rats or any of the
error subtypes for the female subjects (Fig. 3D). Hence, when compared to the saline-treated
males, Polyl:C-treated males displayed impaired set-shifting as a result of increased
perseverative errors.

3.6. Reversal learning

Polyl:C-treated male offspring required fewer TTC (Fig. 4A, 74.00 = 6 trials) than saline-
treated male adult offspring (104.00 £ 18) whereas the female rats showed similar
performance regardless of treatment (Polyl:C group: 95.50 + 6 trials; saline group: 91.40 £ 9
trials). ANOVA revealed that these differences were not significant for either TTC (Sex: A1,
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40) = 0.17; Treatment: A1, 40) = 1.41; Sex x Treatment interaction: A1, 40) = 2.45, all NS)
or total errors (Sex: A1, 40) = 0.45; Treatment: A1, 40) = 0.36; Sex x Treatment interaction:
A1, 40) = 0.77, all NS). Similar to the other test days, females were significantly slower to
respond to insertion of the levers than males regardless of treatment condition (A1, 40) =
11.11, p=0.002). An ANCOVA performed on TTC with ARL as the covariate revealed the
same insignificant effects noted above (statistics not shown).

Analysis of error subtype revealed a significant Sex x Treatment x Error interaction (A1,
40) = 4.10, p= 0.049) without significant main effects for Treatment (A1, 40) = 0.03, NS)
or Sex (A1, 40) = 0.21, NS). Polyl:C-treated male offspring made significantly fewer
regressive errors than saline-treated male offspring (Fig. 4B; p < 0.05) while the female
groups did not differ (Fig. 4C). Therefore, during reversal learning, Polyl:C-treated male rats
made fewer regressive errors than saline-treated males, whereas female adult offspring
performed similarly regardless of treatment.

4. Discussion

The present experiments yielded a number of novel results. Most importantly, acute prenatal
injection of Polyl:C significantly impaired strategy set-shifting in male, but not female,
offspring (Fig. 3A). Analyses of the error subtypes committed revealed that male pups
treated with Polyl:C made significantly more perseverative errors during set-shifting than
saline-treated rats (Fig. 3C). No differences were observed between the groups for learning
the initial visual-cue strategy (Fig. 2A). During the reversal learning phase, Polyl:C-treated
male rats took fewer trials to reach criterion than saline-treated rats although this difference
did not reach significance (Fig. 4A). However, Polyl:C-treated males made significantly
fewer regressive errors than the saline-treated male rats (Fig. 4B). Polyl:C treatment did not
significantly affect the behaviour of female offspring in any of the tasks although the
females were significantly slower to respond to the levers than the male offspring regardless
of treatment. These results demonstrate a sex-specific effect of infection during pregnancy
on executive function in young adulthood.

4.1. Effects of Polyl:C treatment on dams and pups

Systemic administration of Polyl:C caused significant weight loss and febrile responses in
pregnant rats (Fig. 1). Similar results have been reported in a number of species including
rats (Ellis et al., 2006; Fortier et al., 2004; Zuckerman et al., 2003; Zuckerman and Weiner,
2005), although a recent report failed to find an effect of Polyl:C injection on GD15 on
weight of pregnant rats (Wolff and Bilkey, 2010). Consistent with the present results are also
reports that treatment with Polyl:C (4.0 mg/kg; i.v.) does not alter litter number or weight at
birth (Wolff and Bilkey, 2010; Zuckerman et al., 2003; Zuckerman and Weiner, 2005).

It should be noted that the rats tested in the present study were from timed pregnant dams
shipped from a remote supplier on GD 7. Prenatal stress in rodents has been shown to induce
behavioural and neurochemical changes in the offspring associated with psychiatric illness
(Koenig et al., 2002; Meyer et al., 2009). While the potential effects of stress related to
shipment on the dams and fetuses used in the present study cannot be determined, similar
performance of the same operant tasks by our saline-treated offspring and rats in other
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studies (Floresco et al., 2009) suggest that transportation did not have major effects on the
offspring.

Patterns of maternal care affect the cognitive and behavioral development of rodents (Barha
et al., 2007; Meyer et al., 2006b, 2008a; Schwendener et al., 2009; Zhang et al., 2005). For
example, pups reared by dams exhibiting naturally occurring low levels of licking and
grooming during the first week of postnatal rearing have reduced prepulse inhibition in
adulthood (Zhang et al., 2005). Cognizant of these potential effects of maternal behaviour,
we quantified several patterns of maternal care and found no significant difference between
the Polyl:C and saline-treated dams during the first postnatal week. To the best of our
knowledge, this is the first time such measurements have been made in rats treated with
Polyl:C. Studies in mice suggest cross-fostering untreated pups to surrogate dams that were
treated with Polyl:C on GD 17 results in behavioural, pharmacological, and
neuropathological changes in the adult offspring (Meyer et al., 2006b, 2008b) that may be
mediated by changes in maternal behaviour induced by Polyl:C treatment during pregnancy
(Schwendener et al., 2009). A more thorough analysis of maternal behaviour (including
additional measures and observations during the dark phase; Schwendener et al., 2009) may
reveal subtle alterations in maternal behaviour of rats following Polyl:C treatment.

4.2. Effects of prenatal Polyl:C treatment on strategy set-shifting and reversal learning in
the male offspring

Performance of rats on the operant-based task in the present study was comparable to
previous reports also using similar methods in male Long-Evans rats (Floresco et al., 2008,
2009; Haluk and Floresco, 2009). The present results are the first reported for female rats,
which were consistently slower to respond during the trials and took longer to reach criterion
during the initial operant training days. Similar performance of all groups during visual-cue
discrimination test day (Fig. 2) demonstrates that prenatal treatment with Polyl:C does not
affect relatively simple discrimination learning, motivation, or gross locomotor behaviour in
the adult offspring.

The present experiments are the first to examine the effects of prenatal infection on strategy
set-shifting in rodents. Male, but not female, Polyl:C-treated rats were impaired during set-
shifting from a visual-cue strategy to an egocentric spatial strategy (Fig. 3A). Such an
impairment suggests that Polyl:C treatment disturbs normal function of the distributed
circuit mediating strategy set-shifting that includes prefrontal cortical, thalamic, and striatal
areas (Block et al., 2007; Floresco et al., 2008, 2009; Haluk and Floresco, 2009; Ragozzino
et al., 1999; Ragozzino, 2007). The increase in perseverative errors during set-shifting for
male rats (Fig. 3C) is consistent with the effects of medial PFC or midline thalamic lesions
(Block et al., 2007; Floresco et al., 2008; Ragozzino et al., 1999) and dopaminergic receptor
manipulations in the mPFC (Floresco et al., 2006; Ragozzino, 2002) and nucleus accumbens
(Haluk and Floresco, 2009). A lack of effect of Polyl:C treatment on regressive errors
suggests that alterations in the dorsomedial striatum may not be involved as lesions of this
area selectively increase regressive errors (Ragozzino, 2007). Considerable research
demonstrates significant pharmacological, neurochemical, electrophysiological, and
neuropathological alterations of PFC and nucleus accumbens following prenatal infection
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(Dickerson et al., 2010; Meyer et al., 2006a, 2008a, 2009; Ozawa et al., 2006; Zuckerman et
al., 2003). Thus, abnormalities in these areas likely underlie the detrimental effects of
prenatal Polyl:C treatment on set-shifting and may underlie the impairments in set-shifting
typically observed in schizophrenia patients (Brown et al., 2009; Leeson et al., 2009;
Pantelis et al., 1999).

Reversal learning depends on a circuit including orbital frontal cortex and striatum with
discrete roles for dopamine and serotonin (Boulougouris et al., 2007; Boulougouris and
Robbins, 2010; Clarke et al., 2004; Ghods-Sharifi et al., 2008; Kehagia et al., 2010; Kim and
Ragozzino, 2005; McAlonan and Brown, 2003; Schoenbaum et al., 2002). Interestingly,
Polyl:C treatment has been shown to both facilitate and impair reversal learning in different
studies. In one study, Wistar rats treated with Polyl:C (GD15 or 17) displayed enhanced
reversal learning using two tasks in a water maze, an effect reversed by acute treatment with
the atypical antipsychotic clozapine (Zuckerman and Weiner, 2005). However, male mice
treated on GD17, but not GD9, with Polyl:C have impaired reversal learning in a water
maze-based task (Meyer et al., 2006a). In the present study, significant differences were not
observed between groups for TTC during reversal learning; however, there was a tendency
for Polyl:C-treated male rats to take fewer trials than saline-treated male rats to reach
criterion (Fig. 4A). Polyl:C-treated male rats committed significantly fewer regressive errors
than the saline-treated male rats (Fig. 4B) suggesting that Polyl:C-treated rats are better at
maintaining a new strategy under these conditions. The lack of a significant effect of Polyl:C
treatment on reversal learning TTC may be due to factors including species and strain
differences (Long-Evans vs. Wistar rats), variability in performance of the male saline-
treated offspring, or the specifics of the operant task we employed. Given that the Polyl:C-
treated male rats were slower to acquire the egocentric spatial strategy during set-shifting the
previous day, they may have maintained responding with the correct strategy during reversal
learning more easily once initial perseveration ceased. Future studies that test the effects of
prenatal Polyl:C treatment on reversal learning in the absence of a prior strategy shift (for
example, see (Haluk and Floresco, 2009)) will be important for assessing this possibility
directly. Given that patients with schizophrenia consistently show impaired reversal learning
(Leeson et al., 2009; McKirdy et al., 2009; Murray et al., 2008; Pantelis et al., 1999; Waltz
and Gold, 2007), further study is warranted to validate this aspect of the prenatal infection
model.

Impaired behavioural flexibility has been reported in other developmental rodent models
relevant to schizophrenia. Neonatal ventral hippocampal lesions increase TTC and
perseverative errors during strategy set-shifting in a T-maze task (Brady, 2009) and prenatal
treatment with methylazoxymethanol acetate impairs extra-dimensional set-shifting and
reversal learning in an attention-based task (Featherstone et al., 2007). Notably, both of these
studies restricted their analyses to male rats. Together with the present results, these findings
suggest that a variety of early developmental insults alter behavioural flexibility and produce
cognitive symptoms consistent with schizophrenia.
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4.3. Lack of effects of prenatal Polyl:C treatment on female offspring

The lack of effect observed in female offspring of Polyl:C-treated dams was unexpected.
Few studies have tested the cognitive effects of prenatal infection on female rat offspring or
the abilities of female rats in set-shifting tasks, although the set-shifting abilities of female
rats are impaired following sub-chronic PCP administration in adulthood (McLean et al.,
2008) or early experiences such as artificial rearing (Lovic and Fleming, 2004). Prenatal
infection of rats and mice causes sex-specific changes for some behavioural tasks
(Bitanihirwe et al., 2010a; Lante et al., 2007; Schwendener et al., 2009) but not others
(Meyer et al., 2006a, 2008a). In one study, cognitive inflexibility was inferred from an
abnormally persistent latent inhibition observed in male but not female mice treated with
Polyl:C late in gestation (GD17; Bitanihirwe et al., 2010a). These behavioural findings
correlated with partly sex-specific differences in neurotransmitter levels in the medial
prefrontal cortex and hippocampus (Bitanihirwe et al., 2010b). Most studies examining sex-
specific effects of prenatal infection have been conducted following infection later in the
gestational period (GD15-19). Given that the precise timing of prenatal infection influences
the specific array of behavioural alterations produced (Meyer et al., 2006a, 2009), examining
the potential sex-specific effects of prenatal infection earlier in gestation may produce
unique cognitive phenotypes in the female offspring.

The lack of effect following prenatal infection on set-shifting for female rats is interesting in
light of human literature showing male schizophrenic patients perform worse than female
schizophrenic patients on tests of executive function such as the Wisconsin Card Sorting
Task (Goldstein et al., 1998; Longenecker et al., 2010; Seidman et al., 1997) although sex
differences in the cognitive symptoms of schizophrenia and the potential mechanisms
underlying these effects remain controversial (Bozikas et al., 2010; Leung and Chue, 2000).

5. Conclusions

Prenatal infection of rats on GD 15 with Polyl:C alters executive functions including set-
shifting and reversal learning in the male offspring. The present findings support the face
and construct validity of the prenatal infection model for neurodevelopmental disorders such
as schizophrenia. Thus, the prenatal infection model may be suitable for testing the
therapeutic efficacy of novel agents for the treatment of psychiatric disorders.
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Fig. 1.
A. Effects of prenatal treatment on weight of pregnant dams (gestational day 15; Saline: 7=

9; Polyl:C: n=11). Weight change is expressed as a percentage of baseline weight at 0 h
immediately prior to treatment. Dams treated with saline gained significantly more weight
than those treated with Polyl:C at the 24 and 48 h time points. B. Effects of treatment on
rectal temperature of dams. Polyl:C significantly increased rectal temperature of the dams 8,
but not 24 or 48 h after treatment. All values are means + SEM. * denotes p < 0.05.
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Page 18

Performance of rats in the Polyl:C or saline-treated groups on the visual-cue discrimination
day. A. Trials to criterion (TTC). B. Total errors. C. Average response latencies (ARL’S) to
press a lever. Female rats had significantly increased ARL’s regardless of treatment. Saline:

n=11 males, 10 females; Polyl:C: n= 11 males, 12 females. * denotes p < 0.05.
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Effects of prenatal Polyl:C or saline treatment on set-shifting from a visual to response
based strategy. A. Effects of prenatal Polyl:C treatment on trials to criterion (TTC). B. Total
errors committed during set-shifting. Male offspring prenatally treated with Polyl:C took
significantly more trials to reach criterion and made significantly more total errors than
saline-treated offspring. C. Error subtypes committed by the males. The impairment in set-
shifting for the Polyl:C-treated males was due to a significant increase in perseverative
errors. D. Error subtypes committed by the females. * denotes p < 0.05.
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Fig. 4.

-

Perseverative Regressive

Effects of prenatal Polyl:C or saline treatment reversal learning. A. Effects of prenatal
Polyl:C treatment on trials to criterion (TTC). B. Analysis of the subtypes of errors made by
the male animals. Male Polyl:C-treated offspring made significantly more regressive errors
during the reversal learning phase of the task. C. Subtypes of errors made by the females. *

denotes p < 0.05.
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