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Abstract

Viral infections of the CNS and their accompanying inflammation can cause long-term 

neurological effects, including increased risk for seizures. To examine the effects of CNS 

inflammation, we infused polyinosinic: polycytidylic acid, intracerebroventricularly to mimic a 

viral CNS infection in 14 day-old rats. This caused fever and an increase in the pro-inflammatory 

cytokine, interleukin (IL)-1β in the brain. As young adults, these animals were more susceptible to 

lithium-pilocarpine and pentylenetetrazol-induced seizures and showed memory deficits in fear 

conditioning. Whereas there was no alteration in adult hippocampal cytokine levels, we found a 

marked increase in NMDA (NR2A and C) and AMPA (GluR1) glutamate receptor subunit mRNA 

expression. The increase in seizure susceptibility, glutamate receptor subunits, and hippocampal 

IL-1β levels were suppressed by neonatal systemic minocycline. Thus, a novel model of viral CNS 

inflammation reveals pathophysiological relationships between brain cytokines, glutamate 

receptors, behaviour and seizures, which can be attenuated by anti-inflammatory agents like 

minocycline.
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Introduction

Encephalitis is normally defined as acute inflammation of the brain parenchyma caused by a 

CNS infection which often results in significant morbidity, long-term disability, and can be 
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fatal (Kramer and Bleck, 2008). The majority (~60%) of acute encephalitis cases have 

unknown causes, however, in the known cases, viruses are the most common etiological 

agent (Chen et al., 2006; Davison et al., 2003; Khetsuriani et al., 2002; Kramer and Bleck, 

2008; Whitley, 1990). Most concerning is that the incidence of viral encephalitis in children 

is almost three times that of adults suggesting that this portion of the population is 

particularly susceptible (Beghi et al., 1984; Davison et al., 2003; Nicolosi et al., 1986). The 

clinical presentation of viral encephalitis is non-specific and can include fever, neurological 

deficits and seizures. Although seizures can occur frequently during the acute phase (Misra 

et al., 2008), epidemiological analyses have demonstrated that CNS infections are a major 

cause of acquired epilepsy (Annegers et al., 1988; Hauser and Kurland, 1975; Marks et al., 

1992; Rantakallio et al., 1986; Rocca et al., 1987), as well as neurological morbidity, 

including memory impairment and behavioural abnormalities (Chen et al., 2006; McGrath et 

al., 1997; Raschilas et al., 2002; Schmutzhard, 2001; Whitley et al., 1977), even after the 

infection has resolved.

The risk for unprovoked seizures increases by 16 fold after an episode of viral encephalitis, 

and can remain elevated for the next 20 years (Annegers et al., 1988). These unprovoked 

seizures are recurrent with up to 98% of patients experiencing additional seizures (epilepsy) 

(Annegers et al., 1988). The long-term risk for seizures and epilepsy, as well as the increased 

risk of developing cognitive and neurobehavioural disorders following CNS infection 

presents an important challenge for both researchers and clinicians interested in 

understanding the long-term complications associated with encephalitis (Singh and 

Prabhakar, 2008). At present, the factors that contribute to the increased seizure propensity 

in these patients remain poorly understood.

In the current study we used an animal model of brain inflammation to mimic a clinical viral 

encephalitic process in order to investigate mechanisms that may underlie increased seizure 

predisposition after viral encephalitis. Because there are dozens of viral agents that can 

cause encephalitis and many of the cases examined have no conclusive isolation of the exact 

virus (Solomon et al., 2007), we used the viral mimetic polyinosinic:polycytidylic acid 

(POLY I:C) which is a double-stranded RNA molecule that can evoke an immune response 

much like viruses do but has the advantage of having a predictable intensity and duration. 

Thus, we injected POLY I: C intracerebroventricularly (ICV) into young rats at 14 days of 

age to induce brain inflammation. We then examined the acute and persistent changes within 

the brain that can predispose to neurological and behavioural deficits later in life.

Materials and methods

Animals and drugs

Pregnant Sprague–Dawley rats at mid gestation were obtained from Charles River 

Laboratories (Quebec, CAN) and housed under specific pathogen-free environmental 

conditions at a constant temperature (20–21 °C) with food and water available ad libitum. 

The light/dark cycle was 12 h/12 h with photophase onset at 0600 h local time. Pregnant 

females were monitored for the parturition date that was taken as postnatal day (P)0 at which 

time all litters were culled to 10. Following the neonatal treatments as described below, 

animals were returned to their dams, weaned at P21 and housed 2 per cage and subjected to 
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regular specific pathogen-free husbandry until further testing. All adult experimentation took 

place between 7 and 8 weeks of age. Male rats from more than one litter were used in each 

experiment to minimize any litter effects (Meaney and Szyf, 2005). All procedures were 

approved by the local Animal Care Committee and were compliant with the guidelines of 

the Canadian Council on Animal Care. All drugs were obtained from Sigma-Aldrich (MO, 

USA) and administered at 1 ml/kg unless otherwise stated.

Brain inflammation

CNS inflammation (encephalitis) was induced by ICV injection of POLY I:C (10 μg/rat). 

Administration of POLY I:C is not associated with a live viral infection and there is no risk 

of transmission of viral products. On P14, when rats are thought to be developmentally 

equivalent to a 1–2 yr old human (Avishai-Eliner et al., 2002), male rat pups were separated 

from the dam and placed in a small cage on a heating pad one litter at a time. Animals were 

anaesthetised with isoflurane (4% induction, 2–2.5% maintenance) and a small incision was 

made in the skin over the skull. A 10 μL Hamilton syringe with a 25 G needle was 

stereotaxically placed over the right lateral ventricle (1 mm posterior to bregma, 1 mm 

lateral to bregma) and lowered 2 mm below the ventral surface of the skull. POLY I:C (10 μg 

in 3 μL) or pyrogen-free saline (SAL; 3 μL) was slowly infused into the ventricle over a 1 

min period. Similar doses of lipopolysaccharide (LPS) have been used to induce brain 

inflammation in neonatal rats (Fan et al., 2005). The incision was sutured and animals were 

returned to the heating pad until all male rats from that litter were injected. Each injection 

required less than 5 min. Approximately equal numbers of pups in each litter received POLY 

I:C or SAL.

Minocycline injections

Minocycline is a tetracycline derivative capable of crossing the blood brain barrier (Aronson, 

1980), and can suppress inflammation, viral replication, and apoptosis (Irani and Prow, 

2007; Michaelis et al., 2007; Mishra and Basu, 2008; Richardson-Burns and Tyler, 2005; 

Zink et al., 2005). Minocycline (90 mg/kg) was dissolved in phosphate-buffered-saline 

(PBS; pH=7.4) and administered intraperitoneally (Fan et al., 2005), concurrently with the 

ICV injections of POLY I:C at P14 in an attempt to interfere with inflammation and 

attenuate any long-term changes induced by POLY I:C.

Lithium-pilocarpine seizure susceptibility testing

Following P14 ICV injections of SAL, POLY I:C (10 μg/rat) or POLY I: C plus minocycline 

(90 mg/kg), adult rats (n=5–6/group) received subcutaneous injections of lithium (3 mEq/kg) 

followed 4 h later by pilocarpine (30 mg/kg; LI-PILO). The latency to the first behavioural 

seizure after pilocarpine administration, referred to as the seizure onset time (SOT), was 

defined by the occurrence of forelimb clonus, rearing and loss of balance (stage five 

seizure), and was recorded to the nearest second. SOT is a commonly used measure to 

describe seizure susceptibility to convulsant compounds like LI-PILO in rats (Galic et al., 

2008).
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Pentylenetetrazol seizure susceptibility testing

Seizure susceptibility was also assessed using an intravenous (IV) infusion of 

pentylenetetrazol (PTZ) into the jugular vein of adult rats as previously described (Galic et 

al., 2008; Riazi et al., 2008). Briefly, jugular vein catheters were surgically implanted under 

ketamine/xylazine (85:15) anaesthesia, into adult rats which previously received ICV SAL 

(n=10) or POLY I:C (n=6) at P14. The clonic seizure threshold was determined 3–4 days 

later by IV infusion of a 1% PTZ solution to the unrestrained rat through the catheter at a 

constant rate of 0.58 ml/min using an infusion pump. The infusion was terminated when 

generalized clonus was observed and the amount of PTZ (in mg/kg) required to induce a 

generalized clonic seizure was calculated and used as the index of seizure susceptibility. The 

smaller the volume of PTZ infused, the higher the seizure susceptibility was.

Water maze

A water maze was used to examine the spatial memory ability of adult rats treated with SAL 

or POLY I:C (n=6/group) at P14 as previously described (Harre et al., 2008). Briefly, the 

water maze pool contained a 20 cm diameter platform located below the surface of the 

water. A non-toxic blue paint was added to the pool to visually obscure the platform 

location. The pool was virtually divided into 4 equally sized quadrants with the platform 

located in the centre of one of the quadrants. Six sessions were conducted, once daily, over 6 

successive days with each session consisting of 4 trials separated by 30 s. The latency to find 

the platform was recorded to a maximum of 120 s for each trial. Rats that did not find the 

platform within 120 s were assigned this value and guided onto the platform. On the 

following day (probe trial) after the last hidden-platform training session, the escape 

platform was removed from the pool and rats were released into the quadrant opposite to 

that previously associated with the platform. The time spent swimming in each of the 4 

quadrants of the pool was manually recorded. Training day results are expressed in seconds 

to locate the platform, while the probe trial score is expressed as a percentage of time spent 

in the target quadrant.

Contextual fear conditioning

To examine the fear learning ability of adult rats treated neonatally with SAL or POLY I:C 

(n=9–10/group), a contextual fear conditioning task was conducted as previously described 

(Harre et al., 2008). Briefly, rats were placed in a conditioning chamber (Coulbourn 

Instruments, PA, USA) for a 3 min baseline period and were then given 3 unsignalled 

footshocks through a metal grid floor (2 s, 0.5 mA, 60 s inter-stimulus interval). During the 

baseline period, spontaneous motor activity (midline chamber crossovers) was recorded for 

each rat. Every 8 s after each footshock, rats were scored for defensive freezing which was 

defined as the cessation of all non-respiratory associated movement. Twenty-four hours later, 

the rats were placed again into the conditioning chamber for a retention (memory) trial and 

scored for defensive freezing every 8 s for an 8 min period. The amount of postshock 

freezing and retention trial freezing scores were calculated as a percentage of total time.
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RT-PCR for glutamate receptor mRNA

In SAL, POLY I:C or POLY I:C plus minocycline (n=6/group) adult rats, we measured 

hippocampal mRNA levels of select subunits for N-methyl-D-aspartate (NMDA) receptors 

(NR1, NR2A, B, C and D) and Alpha-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate 

(AMPA) receptors (GluR1, 2 and 3) using real-time RT-PCR as previously described (Harre 

et al., 2008). Semi-quantitative analysis was performed by real-time monitoring of the 

increase in fluorescence of the SYBR-green dye (LightCycler FastStart DNA MasterPLUS 

SYBR Green I kit, Roche Diagnostics, USA) on a LightCycler (Roche Diagnostics, USA). 

All data were normalized against the mRNA levels of an endogenous reference gene, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and expressed relative to SAL-

treated controls using the “delta–delta CT” method (Livak and Schmittgen, 2001; 

Schmittgen and Livak, 2008). Data are presented as relative fold change (RFC) to SAL-

controls. Primers were derived from previously published reports (Barbon et al., 2006; Lai et 

al., 2000) and primer sequences can be found in Table 1.

Cytokine measurements

To quantify the amount of brain inflammation induced by POLY I:C, we measured the levels 

of pro-inflammatory cytokines interleukin (IL)-1β and tumor necrosis factor (TNF)α in the 

hippocampus either acutely (6 h) after P14 ICV injections (n=6/group) or later in adulthood 

in rats given either SAL, POLY I:C or POLY I:C plus minocycline (n=5/group). Briefly, rats 

were deeply anaesthetised with pentobarbital (60 mg/kg) and perfused with PBS. 

Hippocampal tissue was rapidly dissected out, frozen in liquid nitrogen and stored at −80 °C 

until further processing. Measurements of the cytokines TNFα and IL-1β were completed 

using enzyme-linked immunosorbent assay kits (Biosource, CA, USA). All hippocampal 

samples were adjusted according to the protein content determined using a modified 

Bradford method (Bradford, 1976) and expressed as the ratio to the mean of the control 

values (Riazi et al., 2008).

Body temperature recordings

Since fever is one of the most common signs of encephalitis, we measured body 

temperature. To record body temperature after P14 ICV injection of SAL, POLY I:C or 

POLY I:C plus minocycline, we implanted miniature temperature dataloggers (SubCue™, 

AB, CAN) on P12 (n=6/group). Prior to surgery, animals were separated from the dam and 

placed in a small cage on a heating pad. Anaesthesia was induced using isoflurane (4% 

induction, 2–2.5% maintenance) and dataloggers were implanted into the abdomen as 

previously described (Heida et al., 2004). The entire surgical procedure required about 5 min 

per rat. Animals were then returned to the dam after all male pups from that litter received 

an implant. At P14, body temperature was recorded every 5 min for 1 h before and 5 h after 

the ICV injection. We noted that this stereotaxic ICV procedure, carried out under 

anaesthesia caused wide fluctuations in body temperature over the first 90 min after 

injection. Thus to quantify changes in body temperature, we calculated a fever index (area 

under the curve) between 100 and 300 min after the injection using an average baseline 

temperature acquired prior to injection as baseline.
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Statistical analysis

All analyses were completed using Statistical Package for the Social Sciences (SPSS; v.13) 

software. Between group differences in seizure threshold, mRNA levels, fear conditioning 

performance, water maze probe trial scores, cytokine levels and fever index were analyzed 

using one-way analysis of variance (ANOVA) and independent t-tests. A repeated-measures 

ANOVA was used to examine acquisition trial performance in the water maze. Student–

Newman–Keuls post hoc tests were used to examine the main effects. Results are expressed 

as the mean±standard error of the mean. The criterion for statistical significance was set at 

p≤0.05.

Results

Brain inflammation during development increases seizure susceptibility

To determine if ICV POLY I:C injected at P14 altered seizure susceptibility in adulthood, 

rats were administered PTZ or LI-PILO. PTZ-induced clonic seizure thresholds were 

significantly lower in POLY I:C-treated rats compared to SAL-controls (t=2.34, p<0.05; Fig. 

1A). Using a different seizure drug we also found a significant increase in seizure 

susceptibility in POLY I:C-treated rats. Adult rats injected with POLY I:C at P14 had 

significantly lower SOTs to LI-PILO than SAL-treated controls (F(2,16) =5.40, p < 0.05; Fig. 

1B). This decrease in seizure threshold was attenuated by the peripheral administration of 

minocycline at the time of POLY I:C injection such that seizure scores of the POLY I:C plus 

minocycline group were not significantly different from SAL-controls.

Impact of brain inflammation on learning and memory performance

The water maze task was used to evaluate the spatial learning ability of adult rats treated 

with ICV SAL or POLY I:C at P14. A repeated-measures ANOVA was performed with one 

level repeated [days (1–6)] and one level not repeated [treatment (SAL or POLY I:C)]. The 

two treatment groups showed the expected training effect [F(5,50) =17.64; p < 0.001] as 

evidenced by a conspicuous decrease in escape latency over days (Fig. 2). There was no 

statistically significant interaction between days and treatment, indicating that performance 

of the POLY I:C-treated rats was comparable to SAL-controls during training. Similarly, in 

the probe trial conducted 24 h after training; no significant differences existed between the 

treatments with respect to time spent in the target quadrant (Fig. 2 inset).

Contextual fear conditioning is a task that requires subjects to learn and recall an association 

between a novel environment (context) and a negative stimulus (footshock). Analysis of fear 

conditioning scores determined that there were no statistically significant differences 

between adult rats treated at P14 with SAL or POLY I:C in the number of midline chamber 

crossovers (SAL 9.40±0.63 vs. 9.22±0.66), or postshock freezing scores during training 

(Fig. 3). However, during the retention test, rats treated with POLY I:C showed significantly 

less freezing behaviours than controls (t=2.25, p<0.05; Fig. 3). Together these data suggest 

mild impairment of conditioned fear behaviours in adult rats treated with POLY I:C at P14 

relative to SAL-treated controls.
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NMDA and AMPA receptor subunit mRNA expression

In order to examine whether a single ICV injection of POLY I:C influenced NMDA or 

AMPA receptor subunit expression in the hippocampus, we performed real-time RT-PCR. 

Adult rats given POLY I:C at P14 showed significantly higher levels of mRNA for NR2A 

(t=3.52, p<0.01), NR2C (t=3.49, p<0.01) and GluR1 (t=3.08, p<0.05) receptors compared to 

SAL-treated controls (Figs. 4A and B). We also noted a strong trend towards increased 

mRNA for the GluR3 (t=2.16, p=0.058) receptor in POLY I:C-treated rats compared to 

controls. No statistically significant differences were observed between the treatment groups 

for the remaining receptor subunits (NR1, NR2B, D and GluR2). Administration of 

minocycline at the same time as POLY I:C on P14 reversed the upregulation of NR2A, 

NR2C and GluR1 receptor subunits, such that mRNA expression levels (in RFC) were 

significantly (t≥6.11, p<0.01) lower than the SAL-treated group (NR2A 0.33±0.018; NR2C 

0.55±0.037; GluR1 0.24±0.011). There were no statistically significant differences in the 

expression of GAPDH between the three treatments suggesting that reference 

(housekeeping) gene activity was not altered.

POLY I:C induces fever at P14

We injected either SAL, POLY I:C or POLY I:C plus minocycline and recorded body 

temperature for 5 h. During the first 90 min, there was marked variability in the temperature 

data collected from all groups recorded. This was attributed to (1) post-op recovery of the 

pups, including handling stress, (2) a delay in return to the dam (as per methodology), and 

(3) disturbing of maternal behaviours following return of the pups. Despite this, rats that 

received POLY I:C showed a conspicuous fever of about 1–1.5 °C which began about 2 h 

after injection and persisted until recordings were completed. A similar fever was noted for 

rats given POLY I:C plus minocycline suggesting that minocycline had no effect on fever 

per se (Figs. 5A, B). A one-way ANOVA demonstrated a significant interaction between 

treatment and fever index [F(2,16) =7.66; p < 0.01]. Post hoc analysis determined that both 

POLY I:C and POLY I:C plus minocycline treatment groups had higher fever index scores 

than SAL-treated controls, but that they did not differ significantly from one another.

Hippocampal IL-1β levels acutely elevated during brain inflammation

We examined cytokine levels of IL-1β and TNFα from the hippocampus 6 h after injection 

of SAL, POLY I:C or POLY I:C plus minocycline at P14 to determine the amount of acute 

inflammation. The treatments resulted in significant changes in IL-1β (F(2,17) =3.52, 

p=0.05; Fig. 6A), but not TNFα, levels in the hippocampus. Post hoc analysis revealed that 

the POLY I:C-treated group had significantly higher IL-1β levels compared to controls. 

There was no significant difference in IL-1β levels between POLY I:C plus minocycline-

treated rats and controls. In adult rats, there were no differences in the basal levels of either 

IL-1β or TNFα levels between SAL- and POLY I:C-treated rats (Fig. 6B).

Discussion

In the present study, we show that rats given a single ICV injection of POLY I:C during 

development display a long-lasting increase in seizure susceptibility that can be attenuated 

by concurrent peripheral administration of minocycline, which may act by suppressing the 
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pro-inflammatory cytokine IL-1β within the hippocampus. In adulthood, these changes in 

seizure threshold were not accompanied by long-term alterations in cytokine (IL-1β, TNFα) 

levels, but did result in mild deficits in contextual fear conditioning which may be associated 

with significant increases in mRNA levels of select excitatory glutamate receptor subunits 

including NR2A, NR2C and GluR1 which were reversed by administration of minocycline. 

To our knowledge, this is the first study to mimic a viral CNS infection using a synthetic 

non-replicating viral-like compound, with an emphasis on measuring seizure susceptibility 

(Stringer, 2006).

Other models that used active viral infections (Herpes simplex virus; HSV) have also 

revealed long-term differences in seizure susceptibility that were due to changes in the 

physiological properties of neurons within the hippocampus (Wu et al., 2003). In 

organotypic hippocampal cultures, HSV caused mossy-fiber sprouting, neuronal loss and 

spontaneous epileptiform activity (Chen et al., 2004). The major limitation of using active 

viral agents such as HSV to model encephalitis is the extreme variability in the 

immunological and neurological responses. For example, rodents with corneal or intranasal 

inoculations of HSV were reported to exhibit a wide continuum of neurological features 

from mild to severe impairment (Beers et al., 1993; Wu et al., 2003). Although increased 

seizure susceptibility was reported, up to 50% of the subjects died. Other models of viral 

encephalitis report 100% mortality (Lehrmann et al., 2008). These studies highlight the 

variable nature of infectious disease models and help rationalize the use of non-replicating 

viral mimetics like POLY I:C that act through the same toll-like-receptor 3 (Edelmann et al., 

2004), as all other viral infections (Alexopoulou et al., 2001), including HSV (Zhang et al., 

2007). Dozens of viral agents can cause encephalitis (Solomon et al., 2007), and many 

suspected cases of infection have no conclusive isolation of the virus due to the short period 

of viremia, difficulty in obtaining biopsy, and lack of specificity for culturing viruses. We 

reasoned that the results gained from using the POLY I:C compound could yield broad 

conclusions about the mechanisms of viral encephalitis and seizures in the absence of any 

mortality.

The finding that minocycline can block the increase in seizure susceptibility is interesting 

from many perspectives. First, although minocycline is regarded as a multifaceted anti-

inflammatory compound, it did not influence the fever produced by POLY I:C (see Fig. 5). 

Fever is the regulated increase in body temperature driven by the cyclo-oxygenase and 

prostaglandin signalling pathways within the hypothalamus (Blatteis, 2000). Thus, the acute 

fever in the neonate is not responsible for the increased seizure susceptibility in adulthood. 

The anti-inflammatory properties of minocycline appears to stem from its ability to decrease 

cytokine release from microglial cells (Tikka et al., 2001), therefore it does not have a 

classic anti-pyretic role and did not influence the POLY I:C-induced fever. The magnitude of 

the fever evoked by the viral mimetic is similar to what has been reported by other immune 

stimulants like LPS, which is considered a mild immunological challenge relative to other 

pyretic agents. However, even such seemingly innocuous immune challenges during 

development have been known to produce a variety of long-term effects on physiological 

functions (Ellis et al., 2005; Spencer et al., 2005; Walker et al., 2004), including seizures 

(Galic et al., 2008).
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Identifying the presence of a febrile response to POLY I:C is important as it helps validate 

its use as a model of viral encephalitis where fever is one of the most consistent presenting 

symptoms in patients with encephalitis. Other groups have identified a complementary role 

of neonatal hyperthermic (febrile) seizures as a precipitant of changes in neuronal 

excitability and behavioural dysfunction (Baram et al., 1997; Chen et al., 1999; Dube et al., 

2000, 2006; Liebregts et al., 2002; Tsai and Leung, 2006). Although fever and hyperthermia 

are distinct physiological processes (for review see Roth et al., 2006), they do share some 

characteristics with regard to cytokine signalling (Bender and Baram, 2007). For instance, 

antagonism of cytokine pathways can interfere with acute seizure generation (Dube et al., 

2005; Heida and Pittman, 2005), and attenuate the long-term consequences of inflammation 

on seizure susceptibility as found here, as well as in previous work (Galic et al., 2008). 

Therefore, the critical feature of hyperthermia and fever with respect to early-life 

interventions could be the mutual expression of cytokines which encourage increased 

neuronal excitability.

POLY I:C is thought to mediate inflammation by stimulating IL-1β production (Fortier et 

al., 2004). In our study, we observed a similar pattern of pro-inflammatory cytokine release 

within the brain. There was a marked increase in IL-1β 6 h after ICV injection of POLY I:C 

and no change in TNFα levels relative to SAL-controls. IL-1β has been suspected to play an 

important role in the epileptogenic brain as many reports have determined that amplifying or 

interfering with its production can markedly modulate seizure propensity or progression 

(Dube et al., 2005; Heida et al., 2005; Ravizza et al., 2006; Ravizza et al., 2008a,b). Most 

interestingly, changes in IL-1β have been shown to modulate glutamatergic receptor 

expression. For example, IL-1β increases NMDA receptor sensitivity and function by 

augmenting phosphorylation and thus exacerbates neuronal degeneration (Balosso et al., 

2008; Viviani et al., 2003, 2006). Our findings of changes in excitatory receptor subunit 

mRNA expression after brain inflammation, if reflected by number of active receptors in the 

membrane, may also be one reason why seizure susceptibility in POLY I:C-treated rats 

increased. This is consistent with what has already been hypothesized, that HSV-mediated 

hippocampal injury may be precipitated by dysfunctional glutamate regulation (Theodore et 

al., 2008), possibly through NMDA receptors (Nair et al., 2007). In previous experiments, 

we have also found that NMDA receptors were strongly influenced by peripheral 

inflammation caused by LPS (Harre et al., 2008). Although there were no differences in 

NR2B mRNA, this receptor could still be involved if the phosphorylation status of the 

receptor has changed (Viviani et al., 2003). The relationship between cytokines and changes 

in brain excitability is being increasingly acknowledged and the data point towards changes 

in glutamatergic transmission as the source of these effects (Vezzani et al., 2008).

The present data showing that minocycline may be effective for attenuating brain 

inflammation could be promising for clinicians trying to treat patients suffering from viral 

encephalitis. Microglia are increasingly being targeted as one of the main 

immunotherapeutic targets for other neurological diseases (Villoslada et al., 2008), as they 

represent one of the most important cell types in the cascade of cytokine release within the 

brain (Lokensgard et al., 2002). The dose of minocycline used in the present study has been 

shown effective in attenuating LPS-induced white matter injury (periventricular 

leukomalacia) via reduction in pro-inflammatory cytokine (IL-1β and TNFα) release in 
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young rats (Fan et al., 2005). Dosages in this range are known to be well-tolerated by 

patients (Kloppenburg et al., 1995), and cost effective (Michaelis et al., 2007). Drugs like 

minocycline that can be given systemically and can cross the blood brain barrier could prove 

most useful in the treatment of encephalitis (Holbrook and Gowen, 2008). Nonetheless, it is 

important to note that administration of minocycline concurrently with POLY I:C actually 

reduced glutamate receptor mRNA to levels below that seen with saline. It may be important 

in the future to determine if minocycline itself has any effect on development or on stability 

of mRNA. It is unlikely to be a non-specific toxic effect, as fever was not affected and 

previous studies suggest it does not affect numbers or activation of microglia in the absence 

of inflammation.

The enhanced cytokinergic response within the brains of rats given ICV POLY I:C is 

consistent with a CNS inflammatory response, however, it is the location of the 

inflammation that is most interesting. For example, viral encephalitis models using live 

inoculation with HSV in mice and rats have shown viral antigens in the hippocampus, 

amygdala, entorhinal, and pyriform cortex (Beers et al., 1993; Wu et al., 2003). In addition, 

post-mortem sections from the temporal lobes of patients who suffered seizures as a result of 

HSV infection show robust pro-inflammatory infiltrates relative to other brain regions 

(Chadwick, 2005; Esiri, 1982; Jay et al., 1998; Theodore et al., 2008; Yamada et al., 2003). 

These findings have led some to suspect that the epileptogenicity of viral encephalitis results 

from the recruitment of the hippocampus causing long-term excitability (Chen et al., 2004; 

Wu et al., 2003), even in the absence of acute or chronic cytological injury (Beers et al., 

1993; Rempel et al., 2005); while others have proposed that marked neuronal damage 

contributes to the hyperexcitable state (Pearce et al., 1996).

The proclivity of viral infection sequelae for the temporal lobes may explain the robust 

memory deficits found in some patients with HSV encephalitis during neuropsychological 

testing (Gordon et al., 1990; Kapur et al., 1994). However, when we tested adult rats with a 

history of brain inflammation, they showed only mild deficits in behaviours mediated by 

mesial temporal lobe structures. Performance in the water maze was preserved, however, 

contextual fear conditioning was impaired in POLY I:C-treated rats during the retention task 

24 h later. Although fear conditioning to context has a strong hippocampal-dependency 

(Sanders et al., 2003), much like water maze learning (for review see D’hooge and De Deyn, 

2001), it also relies heavily on amygdalar function (Fendt and Fanselow, 1999). If the 

hippocampus was the most strongly affected of the mesial temporal structures, then one 

might expect to see deficits in both the water maze and fear conditioning tests in conjunction 

with the alterations in glutamate receptors which underlie acquisition of hippocampal-

dependent memories (Morris et al., 1986; Quinn et al., 2005). This data suggests the 

potential involvement of other limbic structures, such as the amygdala, in the CNS 

consequences of immune challenge. In support of this, previous experiments using LPS at 

P14 also showed a relative sensitivity of the amygdala over the hippocampus, in relation to 

neuronal cell loss after cerebral ischemia (Spencer et al., 2006). In future experiments it may 

be advisable to investigate glutamate receptor function in the amygdala.

Although standard treatment for viral encephalitis involves acyclovir, an inhibitor of DNA 

polymerase (Whitley et al., 1986), poor long-term neurologic and cognitive outcomes still 
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occur (Elbers et al., 2007; Hokkanen et al., 1996; Lahat et al., 1999). However, some have 

reported that although acyclovir can reduce CNS viral titres to undetectable levels, 

inflammatory markers remain unaffected (Lund-berg et al., 2008). These reports emphasise 

the urgent need for alternative anti-inflammatory adjuncts to the treatment of viral 

encephalitis over and above simply suppression of viral replication and viral cytotoxicity 

(Skoldenberg et al., 2006), especially since the prevalence for some variants of HSV 

infection is almost 100% in childhood (Caserta et al., 2001; Johnson, 1982).
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Fig. 1. 
Increased seizure susceptibility. (A) Adult clonic seizure threshold (CST; in mg/kg) to PTZ 

following postnatal ICV injections of either SAL (n=10) or POLY I:C (n=6) and, (B) adult 

seizure onset time (SOT; min) to LI-PILO following postnatal ICV injections of either SAL 

(n=5), POLY I:C (n=6) or POLY I:C+MINO (n=6) at P14. POLY I:C-treated rats showed 

significantly (p<0.05; *) lower mean CSTs and SOTs compared to controls suggesting 

increased seizure susceptibility. POLY I:C+MINO-treated rats were not significantly 

different from SAL-controls when seized with LI-PILO.
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Fig. 2. 
No differences in water maze testing. Water maze acquisition and probe trial (inset) scores 

presented as escape latency (s), or percent time in target quadrant respectively, for animals 

treated with either SAL or POLY I:C at P14 (n=6/group). There were no significant 

differences between the groups in either the acquisition or probe trial tests.
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Fig. 3. 
Deficits in contextual fear conditioning. Contextual fear conditioning scores presented as 

percent freezing during the postshock trial or the retention trial, for adult animals treated 

with either SAL (n=10) or POLY I:C (n=9) at P14. There was a significant (p<0.05; *) 

reduction in percent freezing during the retention trial in rats treated with POLY I:C.
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Fig. 4. 
Increased NMDA and AMPA receptor subunit mRNA. Real-time RT-PCR data for (A) 

NMDA (NR1, NR2A, B, C and D) and (B) AMPA (GluR1, 2 and 3) receptor subunit mRNA 

from hippocampal (HPC) tissues taken from animals treated with either SAL or POLY I:C 

(10 μg/kg) at P14 (n=6/group). Data are expressed as a relative fold change (RFC). Rats 

given POLY I:C showed significantly (p<0.05; *) more mRNA levels of NR2A, NR2C, and 

GluR1 receptor subunits compared to controls.
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Fig. 5. 
ICV POLY I:C-induced fever. (A) Body temperature and (B) fever index scores of P14 rats 

(n=6/group) to ICV injection of SAL, POLY I:C (10 μg/rat) or POLY I:C (10 μg/rat) plus 

minocycline (90 mg/kg). Each data point represents the average body temperature every 5 

min for a particular treatment group and plotted from 100 min to 300 min after injection. 

Rats treated with POLY I:C and POLY I:C plus minocycline showed fever responses (higher 

body temperatures) and significantly (p<0.05; *) greater fever index scores than controls.
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Fig. 6. 
Cytokine upregulation in the hippocampus. (A) Neonatal and (B) Adult hippocampal (HPC) 

cytokine (IL-1β and TNFα) levels from rats treated with SAL, POLY I:C (10 μg/rat) or 

POLY I:C (10 μg/rat) plus minocycline (90 mg/kg) on P14. Rats given POLY I:C showed 

significantly (p<0.05; *) more IL-1β in the hippocampus compared to controls 6 h later, 

however, this effect was attenuated by the concurrent administration of minocycline (n=6/

group). There were no differences in the amounts of IL-1β or TNFα in the hippocampus 

between SAL or POLY I:C-treated rats in adulthood (n=5/group).
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Table 1

Primer Sequence

GAPDH-for AAG ATG GTG AAG GTC GGT GT

GAPDH-rev TGG AAG ATG GTG ATG GGT TT

NR1-for AAC CTG CAG AAC CGC AAG

NR1-rev GCT TGA TGA GCAGGTCTATGC

NR2A-for TCC ATTC TTC TGT CAT CCT GC

NR2A-rev AAG ACC GTC TCT CAC TCT TGC

NR2B-for TGC ACA ATT ACT CCT CGA CG

NR2B-rev TCC GAT TCT TCT TCT GAG CC

NR2C-for TTG AGG ACA ACG TGG ACA CC

NR2C-rev TCC AGT CGT ATT CCT CCA GC

NR2D-for GCA CTT GCA TCA GAG ACT CG

NR2D-rev CTC ACC AAT CAT GCC ATT CC

GluR1-for AGA GGC TGG TGG TGG TTG ACT

GluR1-rev ACC CTG GTA TGG TCT CGG GA

GluR2-for GGG ATA TCT ATC ATG ATC AAG AAG CC

GluR2-rev CCA CAC ACC TCC AAC AAT GC

GluR3-for TGT GCA GTT ATA CAA CAC CAA CCA G

GluR3-rev GCA TCT GGA TGA CAA ACT GCA C
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