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Short Abstract: Cerebral malaria is the worse consequence of Plasmodium falciparum infection. Recently we have demonstrated the cognitive impairment consequent to experimental cerebral malaria. Here we show behavioral models that can indicate the lack of contextual and aversive memory that predicts which brain area was affected by cerebral malaria.

Long Abstract: 

Neurological impairments are frequently detected in children surviving cerebral malaria (CM), the most severe neurological complication of infection with Plasmodium falciparum.  The pathophysiology and therapy of long lasting cognitive deficits in malaria patients after treatment of the parasitic disease is a critical area of investigation.  We have demonstrated recently that infection of C57BL/6 mice with Plasmodium berghei ANKA (PbA) resulted in documented CM and sustained persistent cognitive damage detected by a battery of behavioral tests after cure of the acute parasitic disease with chloroquine therapy.  Strikingly, cognitive impairment was still present 30 days after the initial infection [1].  Memory function is vulnerable to a variety of pathological process. Several behavioral tasks have been used to identify cognitive impairment, and can predict witch brain areas have been mainly affected  ADDIN EN.CITE  ADDIN EN.CITE.DATA 

[2-4]
.  Here we show different models that evaluates learning and memory formation and consolidation.  We use models of habituation to the open-field (elementary nonassociative learning tasks of behavioral during habituation to a novel environment and associated to hippocampus function), memory of recognition of objects (a critical component of declarative memory that is mainly dependent on the hippocampus) and inhibitory avoidance tasks (relies on the dorsal hippocampus, but also depends on the entorhinal and parietal cortex and is modulated by the amygdale) ADDIN EN.CITE  ADDIN EN.CITE.DATA 

[3-9]
 to evaluated memory in mice surviving experimental cerebral malaria.

Protocol Text: 

1. Infection procedure

1.1 Thaw a cryotube of parasites quickly at room temperature.
1.2 Inject 0.2 mL i.p. into a naive recipient C57BL/6 or BALB/c mouse. 
1.3 Start monitoring parasites in peripheral blood after 3-4 days by make a thin blood film from tail blood, and stain with Panotic dying.
1.4 Count percent infected cells (100 x oil immersion).
1.5 Collect blood from the donor mouse at 10 to 15 % of parasitaemia.  Transfer 1 µL of tail blood into 1 mL of NaCl 0.9 % and mix.
1.6 Count Parasitaemia as above and the number of erythrocytes per microliter in newbauer chamber

1.7 Dilute the blood in sterile PBS infected erythrocytes and inject 200 mL i.p. per mouse (106 infected erythrocytes/animal).

2 Experimental design 
2.1 On day 3 and 6, subject infected and control animals to SHIRPA 
 ADDIN EN.CITE 
[10, 11]
 protocol testing to identify neurobehavioral signs of CM.

2.2 Start animals that are positive for clinical signs of CM fashion immediately started chloroquine treatment (25 mg/kg b.w., orally) and treat daily for 7 days (15 days analysis). As a control, uninfected mice receive saline or chloroquine.
2.3 At day 15 post infection, subject the animals to a battery of behavioral tests to access cognitive function.  
3. Behavioral analysis

3.1 Open field task 

3.1.1 Gently place animals on an open field apparatus and allow to explore the arena for 5 minutes (training session). 

3.1.2 24 h later submit animals to a similar open-field session (test session).  Count crossing of the black lines and rearing performed in both sessions  ADDIN EN.CITE  ADDIN EN.CITE.DATA 

[12]
. 

3.2 Step-down inhibitory avoidance test 
3.2.1 In the training trial, place animals on the platform and measure their latency to step down on the grid with all four paws with an automatic device.
3.2.2 Immediately after stepping down on the grid, the animals received a 0.5 mA, 3.0 seconds foot shock.
3.2.3 A retention test trial was performed at 1 h 30 min and 24 h later.  Record the permanence on the grid in order to access short and long term memory, respectively.  Retention test latency measurements are cut off at 180 s; i.e., scores equal to or greater than this measure are counted as 180 s [13].
4. Object recognition (OR) test

4.1 During a 3-day habituation period allow animals to freely explore the open-field task arena in the absence of objects for a single 5 min session on each day.

4.2 On the following day of the habituation period, conduct a training session by placing individual mice for 5 min into the field in the center of the arena, in which two identical objects (object A1 and A2; Double Lego Toys) are positioned in two adjacent corners at 10 cm from the walls. 
4.3 In a short-term memory (STM) test (1.5 h after training), allow the mice to explore the open field for 5 min in the presence of one familiar (A) and one novel (B) object. 
4.5. In a long-term memory (LTM) test (24 h after training), allow mice to explore the field for 5 min in the presence of the familiar (A) and different novel (C) object.  Objects had only distinction in shape. The exploratory preference is defined as percentage of the total exploration time animal spent investigating the object A or the novel object and calculated for each animal by the ratio TB or C / (TA + TB or C) [TA = time spent exploring the familiar object A; TB or C = time spent exploring the novels objects B or C)[14]. 

Representative Results: During the habituation to the open-field (Figure 1) there were no differences in the numbers of crossings and rearings observed when groups of PbA-infected C57Bl/6 and BALB/c mice subjected to the same rescue treatment with chloroquine were studied in the training session. In the test session, non-infected C57BL/6 mice treated with chloroquine or saline demonstrated a significant decrease in the numbers of crossings and rearings, indicating intact cognitive skills. In contrast, there was no reduction in crossings or rearings in PbA-infected C57BL/6 mice rescued with chloroquine (Figure 2A, B; right bars), indicating diminished cognitive capacity [15]. In parallel, PbA-infected BALB/c mice that did not have CM but were, nonetheless, treated with chloroquine showed a significant reduction in both crossings and rearings (Figure 2E, F, p<0.05, Student´s T Test) that was not different from what was observed in non-infected controls. Thus, despite being infected with PbA, as confirmed by parasitological examinations, BALB/c mice do not develop CM and its sequelae, i.e., late cognitive impairment. 

The step-down latency and inhibitory avoidance in the test session at day 15 post infection (Figure 2) was not different from training and test in PbA-infected C57BL6 mice treated with chloroquine (mean of latency of 9 and 9.5 s,  training and test sessions respectively; Z=-1.075; p=0.282, Wilcoxon´s Test), suggesting impairment in aversive memory. On the contrary, non-infected mice treated with chloroquine or saline showed an increase in step-down latency, indicating intact aversive memory, when comparing their behavior in training and test sessions. A similar pattern was seen with Pb-infected BALB/c mice, where comparisons between infected and non-infected mice were not statistically different (Figure 2).
PbA-infected C57Bl/6 mice treated with chloroquine showed an impairment of novel object recognition memory, i.e., they did not spend a significantly higher percentage of time exploring the novel object during short (Z=-1.782; p=0.075, Kruskal-Wallis´s Test) or long-term (Z=-1.753; p=0.080, Kruskal-Wallis´s Test) retention test sessions in comparison to the training trial (Figure 3). In contrast, this pattern was not reproduced in PbA-infected BALB/c mice (Figure 3). This result indicates that, as in other memory tasks, CM is associated with late deficits in cognition and memory skills that are not shared by infected animals that did not have clinical or neurobehavioral evidence for CM.

Figure Legends
Figure 1. Impaired performance in the open field task is associated with development of CM. C57BL/6 mice (n=12-20/group) were infected with PbA (106 PRBC, A and B), and treated with chloroquine (25 mg/kg) starting at day 6 post-infection. Control groups were inoculated with the same number of uninfected RBC. Data are expressed as mean ± S.D. of crossings (A and C) and rearings (B and D) of training (gray bars) and test (black bars) sessions performed on days 15 and 16 post-infection respectively; *significant difference between groups in training and test studies (Student’s T test, p<0.05).
Figure 2. Aversive memory is affected by CM during inhibitory avoidance task. C57BL/6 and BALB/c mice (n=12-20/group) were infected with PbA (106 PRBC) and treated with chloroquine starting at day 6 post-infection. Control groups were inoculated with the same number of uninfected RBC.  On day 15 all animals were subjected to a training session of inhibitory avoidance task, where an electrical shock is given immediately after the mice step on the bars. 24 h later, aversive memory was tested by recording the latency time on the platform (with a cut-off of 180 sec).  Data are expressed as individual values and horizontal lines represent the median latencies, in seconds; *Significant difference compared with uninfected controls (comparisons among groups were performed by Mann-Whitney U test; individual groups were analyzed by Wilcoxon tests, p<0.05).

Figure 3. The ability to recognize new objects is impaired in mice after CM. C57BL/6 and BALB/c mice (n=12-20/group) were infected with PbA (106 PRBC) and treated with chloroquine starting at day 6 post-infection. Control groups were inoculated with the same number of uninfected RBC. On day 15 all the animals were submitted to memory recognition task. Results are shown as mean ± S.E.M. of the object recognition index calculated as described in Materials and Methods. *p<0.05 Kruskal–Wallis analyses of variance followed by Mann–Whitney U-tests. 

Discussion: Behavioral tasks have been used as a good tool to investigate neurological dysfunction. We developed experimental models that mimic clinical CM and its cognitive sequelae after parasitic cure. We found that distinct cognitive abilities are affected in this condition, and that the use of antioxidant therapy concomitant with anti-malarial drugs was an effective therapy to prevent late cognitive damage to the host.
One of the most elementary nonassociative learning tasks is that of behavioral habituation to a novel environment  ADDIN EN.CITE  ADDIN EN.CITE.DATA 

[12]
. This task can identified deficits in memory habituation, which revealed long-term memory defect in mice with experimentally-induced CM. This deficit was unrelated to changes in basic exploratory or motor processes, once it is likely to be directly related to impaired hippocampus-dependent memory processes  ADDIN EN.CITE  ADDIN EN.CITE.DATA 

[5, 6]
. 
Step-down inhibitory avoidance involves learning, acquired generally in one single trial, and long-term aversive memory retention. The inhibitory avoidance task relies heavily on the dorsal hippocampus, but also depends on the entorhinal and parietal cortex and is modulated by the amygdala  ADDIN EN.CITE  ADDIN EN.CITE.DATA 

[8, 9]
. 
Object recognition is also impaired after CM. This task is based on the tendency of rodents to explore a novel object more than a familiar one [16]. Because no rewarding or aversive stimulation is used during training, the learning occurs under conditions of relatively low stress or arousal [16]. The impairment observed on PbA-infected C57BL/6 mice are important since the novel object recognition task in rodents is a nonspatial, nonaversive memory test, in contrast to other tests performed in this study (habituation and aversive memories) [2]. Object recognition is commonly impaired in human patients affected by neurodegenerative diseases, or who have suffered brain injury, and mainly depends on the hippocampus  ADDIN EN.CITE  ADDIN EN.CITE.DATA 

[2, 17]
. 
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Table of specific reagents and equipment:

	Name of the reagent
	Company
	Catalogue number
	Comments (optional)

	Passive avoidance apparatus
	Insight Ltda.
	EP 104 L.152/1 040309
	

	Open-field apparatus
	FIOCRUZ
	-
	

	Panotic Staining
	Laborclin Ltda.
	620529
	

	Parasite Strains
	-
	-
	Donated by Dr. Dalma Maria Banic (Fiocruz)
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