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Abstract

BACKGROUND: Severe traumatic brain injury (TBI) patients are at high risk for early 

aspiration and pneumonia. How pneumonia impacts neurological recovery after TBI is not well 

characterized. We hypothesized that, independent of the cerebral injury, pneumonia after TBI 

delays and worsens neurological recovery and cognitive outcomes.

METHODS: Fifteen CD1 male mice were randomized to sham craniotomy or severe 

TBI (controlled cortical impact [CCI] − velocity 6 m/s, depth 1.0 mm) ± intratracheal 

lipopolysaccharide (LPS-2 mg/kg in 0.1 mL saline) as a pneumonia bioeffector. Neurological 

functional recovery by Garcia Neurologic Testing (GNT) and body weight loss were recorded 

daily for 14 days. On Days 6–14, animals underwent Morris Water Maze learning and memory 

testing with cued trials (platform visible), spatial learning trials (platform invisible, spatial 

cues present), and probe (memory) trials (platform removed, spatial clues present). Intergroup 

differences were assessed by the Kruskal-Wallis test with Bonferroni correction (p < 0.05).

RESULTS: Weight loss was greatest in the CCI + LPS group (maximum 24% on Day 3 vs. 8% 

[Sham], 7% [CCI], both on Day 1). GNT was lowest in CCI + LPS during the first week. Morris 

Water Maze testing demonstrated greater spatial learning impairment in the CCI + LPS group vs. 

Sham or CCI counterparts. Cued learning and long-term memory were worse in CCI + LPS and 

CCI as compared to Sham.

CONCLUSION: A pneumonia bioeffector insult after TBI worsens weight loss and mortality in 

a rodent model. Not only is spatial learning impaired, but animals are more debilitated and have 

worse neurologic performance. Understanding the adverse effects of pneumonia on TBI recovery 

is the first step d patients.
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Traumatic brain injury (TBI) is associated with a significant healthcare and individual 

burden. Approximately 16% of those hospitalized in the United States after injury have 

TBI as a primary or secondary diagnosis and represent nearly one third of all hospital 

deaths.1 Outcomes after TBI are worsened, moreover, when brain injury is accompanied by 

extracranial injury.2 Because many TBI patients also develop postinjury respiratory failure 

or require durable airway access for airway protection in light of neurologic compromise, 

respiratory infectious insults are unsurprisingly a leading cause of postinjury morbidity in 

patients who sustain TBI.3

Significant work in murine models of multiple trauma has demonstrated the synergistic 

effect of concomitant injuries on outcomes from each individual injury. For example, 

in brain-injured mice subjected to a concurrent bone fracture, the presence of the brain 

injury appears to accelerate callus formation in the healing bone,3–6 while the presence of 

the fracture appears to worsen cognitive and behavioral recovery from the brain injury.7 

This additive effect has been demonstrated in animal models looking at the acute period 

following injury (48 hours),8 as well as in a longer-term evaluations of animal learning and 

memory using cognitive assessments such as the Morris Water Maze (MWM).7

The pulmonary system may be directly injured during the event that leads to the TBI or may 

sustain secondary injuries from either inflammation, infection or both. Interorgan effects 

have been well documented—isolated TBI itself can induce secondary acute lung injury in 

the absence of a unique and direct pulmonary blunt or penetrating injury.9,10 The effect of 

lung injury on outcomes after TBI, on the other hand, is less well understood. Early work 

suggests that a remote lung insult influences the leukocyte response to concomitant blunt 

cerebral injury in pial microvasculature and worsens systemic and neurologic effects of TBI. 

The focus of the current work was to explore whether a pulmonary insult after TBI worsens 

cognitive recovery, a process that appears related to inflammation.7,8

Given these findings, we sought to determine how the addition of a lung insult to TBI 

affected neurological outcomes in a longer-term study and with more advanced behavioral 

metrics. To evaluate this question, we used the same murine model of severe TBI with an 

associated lung infectious insult with LPS. We selected a 2-week time frame evaluating 

physiologic and neurologic outcomes but also the effects of the concurrent insult on 

animal memory and learning ability. We hypothesized that animals who underwent both 

TBI coupled with a pulmonary inflammatory insult would demonstrate: (1) significantly 

impaired physiologic parameters (weight loss, neurologic scores) and (2) worsened spatial 

learning and memory abilities than animals who sustained isolated TBI alone or were 

uninjured.

METHODS

Reagents

Lipopolysaccharides from Escherichia coli 0111:B4, bovine fluorescein isothiocyanate-

labeled albumin, and 0.3% rhodamine 6G (RHD) were obtained from Sigma Aldrich (St. 

Louis, MO).
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Experimental Design and Study Groups

The Institutional Animal Care and Use Committee of the University of Pennsylvania 

approved all animal procedures. Adult, male, 6-week- to 8-week-old CD1 mice (25–35 

g) were obtained from Charles River Laboratories (Wilmington, MA), housed with a 

12-hour light/dark photoperiod, and given ad libitum access to food and water. LPS 

(lipopolysaccharide) was used to represent the inflammatory component of pneumonia in 

select animal groups. Fifteen (15) animals were randomized into three groups: (1) Sham 

(sham craniotomy, no controlled cortical impact [CCI], no intratracheal LPS), (2) CCI (CCI, 

no intratracheal LPS), and (3) CCI + LPS (CCI followed by 60 μg intratracheal LPS).

Cerebral Injury and Pulmonary Insult

Following a period of colony acclimatization, animals underwent intraperitoneal anesthesia 

(ketamine 100 mg/kg, xylazine 10 mg/kg, and acepromazine 1 mg/kg, KXA) and placed 

prone in a stereotactic frame. Subcutaneous bupivacaine (0.5 mg/mL) was injected prior to 

scalp incision. Once the skull was exposed, a hand-held trephine was used to make a 4-mm 

left-sided circular craniotomy between lambda and bregma sutures. All animals including 

Sham underwent craniotomy without durotomy to this point. In CCI and CCI + LPS 

animals, a CCI device (AMS 201; AmScien Instruments, Richmond, VA) was subsequently 

used to impart a validated cerebral injury consistent with severe TBI7,11,12 as previously 

described. Briefly, the CCI device uses a 3-mm impact tip moving at 6 m/s to depress the 

dural surface by 1 mm at the center of the craniotomy. The scalp was closed once hemostasis 

was achieved.

Under the same anesthetic period, animals in the CCI + LPS group were then placed 

supine with upper limbs and neck extended to allow creation of a tracheotomy through 

which LPS was instilled. A total of 0.1 mL of LPS (0.6 mg/mL, total: 60 μg) was 

instilled into the tracheotomy which was covered by soft tissue followed by skin closure. 

As early preliminary observations demonstrated that animals receiving this dose of LPS 

were distinctly suffering greater mortality from dehydration, a 1-mL bolus of subcutaneous 

normal saline was administered immediately after intratracheal instillation as previously 

described.13 Sham and CCI animals did not undergo tracheotomy but were similarly fluid 

resuscitated. All animals also received 0.25 mL of subcutaneous normal saline every 12 

hours through the end of experiments.

Body Weight Loss and Neurological Recovery

Body weight loss and neurologic recovery were assessed prior to injury and every 12 hours 

starting 6 hours after injury. Body weight loss is used as a surrogate for how animals are 

recovering to fulfill activities of daily living. Neurologic testing was performed using the 

Garcia Neurologic Test (GNT), which is an 18-point rodent score assessing motor, sensory, 

reflex, and balance abilities.

The Morris Water Maze—Assessing Learning and Memory

Based on our laboratory’s established protocol and prior studies,14 starting on Day 6 after 

craniotomy, animals were exposed to daily trials of learning and memory using a MWM. 

The 100-cm diameter, 50-cm deep MWM pool is black (base and sides) and was filled 
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with 21°C tap water and fitted with a 23.5-cm high black cylindrical platform which was 

positioned at various locations. Animals underwent three types of swimming trials to assess 

learning and memory: (1) cued learning trials (Days 6–8 postinjury), (2) spatial learning 

trials (Days 9–13 postinjury), and (3) probe trials (Days 10–14 postinjury) as described 

below (Fig. 1). All MWM trials were conducted and scored by a single operator and were 

performed at approximately the same time of day on all experiment days. Mice were allowed 

at least a 10-minute rest period between trials. During this period, they were warmed by an 

overhead heating lamp. All animal maze exercises were video-recorded and analyzed using 

a commercial video-tracking system (Ethovision, Noldus, Leesburg, VA) mounted above the 

pool.

Cued Learning Trials

Animals underwent four cued trials per day on Days 6 to 8 postinjury to establish platform 

arrival as a goal. The purpose of the cued trials was to introduce animals to the pool of 

water and to teach them that the platform was the goal of the maze. For cued trials, the 

platform was randomly placed in one of four quadrants of the pool (northwest, northeast, 

southwest, southeast). No visual cues were available for these trials. The water level was 5 

mm below the top surface of the platform, so the platform was exposed and visible, and a 

colorful marker was placed on the platform itself to improve its visibility to the swimming 

animal. Animals were placed in the pool, facing outward, at different positions in relation 

to the location of the platform (location and orientation with respect to platform varied by 

trial). Performance parameters were collected including time to reach the platform and the 

region around the platform (a predefined circular area around the platform), total distance 

traveled, average velocity, and swimming duration in each region. Animals were given 15 

seconds to stand on the platform once they reached it, and then they were removed from the 

pool. Animals that did not reach the platform within 60 seconds were guided to the platform 

and allowed to stand on it for 15 seconds before being removed from the pool.

Spatial Learning Trials

Animals underwent four spatial learning trials per day conducted on Days 9 to 13 postinjury. 

The purpose of the spatial learning trials was to assess animals’ ability to use visual cues 

to navigate to their goal (the platform). The MWM setup was similar to that of the cued 

trials except that the platform remained in a fixed location for all trials (northwest) and the 

water level was raised so that the platform was submerged 1 cm below the water surface. 

The colorful platform marker was also removed so that the platform was now fully hidden 

from view of the swimming animals. Visual cues were displayed on the surrounding walls 

(north, south, east, and west) of the pool for animals to use to localize the hidden platform. 

Animals were then released into the maze facing outward from various points in relation 

to the platform so that they could not visually identify the platform before entering the 

maze. Animals were given 60 seconds to find the platform and allowed to stand on it for 

15 seconds before being removed from the pool to develop spatial orientation. After 60 

seconds, those that had not reached it were guided to the platform and again allowed to 

stand on it for 15 seconds before being removed from the pool. The same parameters were 

collected as were collected in the cued learning trials.
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Probe Trials (Long-Term Memory)

The final set of trials was probe trials conducted daily on Days 10 to 14 postinjury to 

assess long-term memory of platform location. Probe trials were conducted 24 hours after 

spatial learning trials (and before the new spatial learning trial for the day on days in which 

both trials were conducted). The purpose of these trials was to assess animals’ long-term 

memory of platform location using visual cues. The setup of the MWM was identical to 

that of the spatial learning trials (spatial cues present) except that no platform was present. 

Animals were released from various positions along the perimeter of the pool but only 

given 30 seconds of swim time. The duration, frequency, and time to first reach the area 

where the platform had been, as well as the area surrounding prior platform location, were 

recorded. Once 30 seconds had elapsed, animals were removed from the pool. Probe trials 

were performed immediately preceding spatial learning trials for each day to test long-term 

(defined as 24 hours or greater) memory of platform location.

Statistical Analysis

Statistical analyses were performed using SPSS Statistics Version 25 (IBM, Chicago, IL). 

Data are mean values ± standard error of the mean (SEM) and were compared using 

Kruskal-Wallis analysis with Bonferroni correction; p < 0.05 was required for significance.

RESULTS

Mortality

The initial cohort was designed to equally include 15 animals in three groups. However, one 

CCI + LPS animal died on postinjury Day 4.

Body Weight Loss and Neurological Recovery

Body weight loss was significantly greater in the CCI + LPS than Sham group throughout 

the first week postinjury (Fig. 2). Weight loss was significantly greater in the CCI + LPS 

group than CCI alone group, on Days 3 and 5, with trends towards a significant difference 

on Days 2, 6, and 7. The maximum mean weight loss in the CCI + LPS group was 24% 

on Day 3 versus a maximum of 8% in Sham and 7% in CCI, peaking instead on Day 1 

after injury. From Day 8 onward, there were no significant differences in body weight loss 

between any of the groups. There were no significant differences in weight loss between 

CCI and Sham groups on any day postinjury (Fig. 2).

Mean GNT scores were significantly impaired in the CCI + LPS group as compared with 

Sham up to 8 days postinjury (p < 0.05 except for Day 7) (Fig. 3). There was no significant 

difference in GNT scores between CCI and Sham groups or between CCI + LPS and CCI 

groups, however. On the last day of the experiment (Day 14), both CCI and Sham animals 

had regained maximal GNT scores (18 ± 0 points for each); this was not observed in CCI + 

LPS animals (17.0 ± 0.4, p = 0.027 vs. Sham or CCI).

Morris Water Maze Testing – Learning and Memory

In the cued learning trials, velocity was significantly lower in the CCI + LPS group (23.5 ± 

0.9 cm/s) than in the CCI (28.1 ± 0.7 cm/s, p = 0.0005) or Sham groups (27.4 ± 0.9 cm/s, 
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p = 0.007). However, the overall distance moved was similar between CCI and CCI + LPS 

groups (470 ± 40 cm and 390 ± 40 cm, respectively), and both head injury groups moved 

significantly greater distances than Sham (260 ± 30 cm, p = 0.0005 for Sham vs. CCI and 

p = 0.008 for Sham vs. LPS). Both brain-injured groups took longer than Sham to reach the 

platform in averaged trials over the 3 days of testing (Sham 12 ± 1 seconds vs. CCI 19 ± 2 

seconds, p = 0.002 and vs. CCI + LPS 20 ± 2 seconds, p = 0.002).

In the spatial learning trials, both brain-injured groups traveled longer distances than Sham 

(CCI 430 ± 40 cm, p < 0.001 and CCI + LPS 400 ± 40 cm, p < 0.001 vs. Sham 200 ± 

20 cm). Sham and CCI + LPS animals had similar swimming velocities, both significantly 

slower than CCI (Sham 24.6 ± 0.6 cm/s and CCI + LPS 25.0 ± 0.7 cm/s vs. CCI 28.6 ± 

0.5 cm/s, and p < 0.001 for both comparisons). Brain-injured animals took longer to reach 

the target platform than did Sham animals (CCI 16 ± 1 seconds and CCI + LPS 15 ± 1 

seconds vs. Sham 9.6 ± 0.9 seconds, p < 0.001 vs. CCI and p = 0.004 vs. CCI + LPS). 

Additionally, CCI + LPS animals took significantly longer than CCI alone animals, who also 

took significantly longer than Sham animals to reach the area surrounding the platform (9 ± 

1 seconds for CCI + LPS, 5.7 ± 0.6 seconds for CCI, and 3.2 ± 0.3 seconds for Sham; CCI 

+ LPS vs. Sham p < 0.001, CCI + LPS vs. CCI p = 0.002, and CCI vs. Sham p = 0.008). 

Looking at the pattern of learning over time, moreover, we found that over the course of the 

experiment, even though all three groups initially took similar times to reach the area around 

the platform, by the end of the spatial learning trials, CCI + LPS animals took longer than 

CCI or Sham animals to achieve the same goal (Fig. 4), indicating a reduced learning ability.

Probe trials showed no differences in velocity or distance traveled between any of the 

groups. CCI + LPS animals took longer than Sham to reach the target platform (CCI + LPS 

13 ± 2 seconds vs. Sham 6 ± 1 seconds, p = 0.024) and both brain-injured groups took 

longer to reach the area around the platform than did Sham animals (Sham 2.4 ± 0.4 seconds 

vs. CCI 7 ± 1 seconds, p < 0.001 and vs. CCI + LPS 6.1 ± 1 seconds p = 0.001) (Fig. 

5). CCI + LPS animals spent less time overall in the surrounding area where the platform 

had been (CCI + LPS 4.9 ± 0.6 seconds vs. Sham 9.1 ± 0.5 seconds, p < 0.001); CCI 

alone animals also spent less time in the area around the platform (CCI 5.0 ± 0.6 seconds, 

p < 0.001 vs. Sham). These results indicating that both head-injured groups demonstrated 

similar deficiencies in memory as compared to Sham animals.

DISCUSSION

A lung infectious insult concurrent with a severe traumatic brain injury appears to worsen 

both physiologic and cognitive outcomes in mice. Weight loss and neurologic scores were 

significantly impaired in the LPS brain-injured cohort. The MWM testing showed important 

differences in the patterns of cognitive recovery, with CCI + LPS animals demonstrating 

impaired learning but not memory abilities as compared with the brain-injured counterparts 

that did not suffer a concurrent pulmonary infectious insult. Swimming velocity in CCI 

+ LPS animals, however, was similar to that of Sham animals, indicating a neurologic 

alteration that extended beyond physiologic changes.
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Traumatic brain injury is accompanied by acute and often long-term cognitive dysfunction. 

Some impairments are due to physical injury but others are related to secondary brain 

injuriants and offer the potential for mitigation. Secondary brain injury appears related to 

inflammation which was why LPS was appropriate to mimic infection-related inflammation 

while removing the other effects of a bacterial pneumonia. Since pulmonary injury, direct 

and indirect, impacts outcomes even in the absence of TBI, it is reasonable to ask how TBI 

and pulmonary inflammation interact. This experiment asks whether cognitive impairment 

after brain injury is worsened by pulmonary inflammation.

In rodent studies, weight loss is often used as a marker of the animal’s ability to complete 

activities of daily living.15 The CCI + LPS animals displayed significantly worsened weight 

loss in the first few days of the experiment, and these differences persisted to a week 

postinjury. Correlated with this weight loss was the decrement in neurologic scores noted 

in CCI + LPS as compared with Sham and CCI animals. In our previous work evaluating 

the early (e.g., 48 hours) effects of CCI + LPS, we saw the beginnings of this pattern, with 

CCI animals showing initial weight loss that improved by 48 hours but CCI + LPS animals 

demonstrating persistently worsened weight loss without evidence of improvement in the 

first 48 hours of the experiment.16 Systemic effects of LPS include reduced motivation for 

food or fluids and behavioral suppression,17 and so some of these findings may have been 

due to systemic effects of LPS. Animals still demonstrated markedly impaired neurologic 

scores during this first week, however, suggesting a worsening of their underlying brain 

injury. Importantly, the GNT scoring system used was designed as a model to evaluate 

outcomes after stroke (unilateral MCA occlusion)18 and evaluates unilateral impairment 

in strength, reflex, and balance. Systemic effects of LPS should lead to global functional 

changes, but not increased unilateral weakness. The addition of a lung injury to a TBI, 

therefore, did appear to worsen differences in both physiologic and neurologic outcomes in 

the current model.

Our MWM protocol was based on previously used published studies7,11,14 and has 

demonstrated robustness in the past at differentiating between negative (Sham) and positive 

(CCI) control groups. The MWM protocol is highly reliable across multiple different 

configurations and species14,19 (e.g., humans,20 mice,7,11,21 rats22,23) and various tests and 

parameters can be performed and measured to assess different degrees of spatial, learning, 

and memory deficits. In particular, it is considered a good test for assessing hippocampal-

related spatial navigation and reference memory abilities.14 CCI models of TBI typically 

result in particular injury to the hippocampus. Scheff et al.22 found both behavioral deficits 

on MWM and hippocampal and cortical immunohistochemical changes in a CCI model 

of moderate TBI; intriguingly, they found behavioral deficits on MWM in the absence 

of immunohistochemical changes in their CCI model of mild TBI. Moreover, behavioral 

deficits on MWM have been demonstrated in models of both hippocampal19 as well as 

cortical24 injury, although the former is considered more pronounced.24 These findings 

underlie the importance of various brain foci in the development of working and spatial 

learning and memory. Our specific model of CCI, moreover, has been shown to result in 

injury to and inflammatory cellular changes of the hippocampus on immunohistochemistry.7
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We found that CCI + LPS and CCI animals showed similar levels of impairment as 

compared with Sham animals on several parameters noted in the MWM, consistent with 

the fact that brain injury was present in both these groups. In spatial learning trials, however, 

CCI + LPS animals took longer to reach the area around the platform than did CCI alone 

animals, indicating a direct effect on animal learning ability with the addition of LPS to a 

brain injury. Also, we found that over the course of the experiment, the differences between 

the time taken to reach the area around the platform became more pronounced between the 

CCI + LPS animals and the CCI or the Sham animals. Suto et al.7 recently showed that the 

time needed to reach the platform was increased in brain-injured mice that also suffered a 

bone fracture, supporting the concept that a remote injury affects animal learning following 

TBI. They also found that the distance needed to reach the platform was shortest in Sham 

animals in probe trials, indicating that memory ability was impaired by the additional bone 

injury—we did not observe this finding when utilizing a lung injury instead.

The current study is small and as such has a number of limitations. As an animal study, 

the generalizability of our results to a clinical human population is potentially limited. 

Additionally, our groups are small and so some real and relevant clinical differences between 

groups may not have been statistically apparent in our comparisons. Also, due to personnel 

constraints, the MWM observer was not blinded to animal groups, although we attempted to 

minimize bias in our findings by including only objective measures of performance in the 

MWM in our reported findings. Finally, an additional LPS alone group was not included 

and would have complemented the groups well. Nonetheless, Sham and CCI animals did 

not undergo tracheotomy or tracheal instillation of saline, as it is important to note that our 

study sought to evaluate the effects of a general lung inflammatory process on TBI recovery 

rather than the specific effects of LPS alone on the brain. Our preliminary experiments noted 

that tracheotomy and tracheal saline instillation did have inflammatory lung effects. For this 

reason, we chose not to expose our control animals (Sham and CCI) to tracheal manipulation 

to minimize additional inflammatory lung changes in these control groups. Intratracheal 

LPS was chosen to simplify and minimize the systemic insult to have a standard and 

non-overwhelming effect on post-TBI animals that were fragile. It is clear that this is not 

an equivalent surrogate for pneumonia in TBI patients. However, as a result we cannot 

comment on the cognitive effects of tracheal instillation of LPS in the absence of TBI. Of 

note, though, by 1 week postinjury, the systemic effects of LPS (previously described as 

increased lethargy, decreased body core temperature, and decreased oral intake25) appeared 

to have resolved in our CCI + LPS animals. By this point in the experiment they had 

recovered their weight loss to baseline levels and their neurologic scores were comparable 

to those of controls. We believe that this indicated that our subsequent findings of spatial 

learning and memory limitations in this group were more related to their brain injury in 

combination with LPS rather than due to LPS alone.

In conclusion, the current study demonstrates that animals who undergo combined brain and 

lung injury not only appear to have worsened physiologic and neurologic outcomes in the 

first week after injury, but also have impaired learning outcomes as compared with animals 

who suffer brain injury alone. Further study will be needed to better evaluate how a lung 

insult consistent with aspiration following TBI affects neurological recovery following TBI. 
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Such brain-injured patients are common in trauma intensive care units and require careful 

and thoughtful management to maximize their physiologic and cognitive recovery.
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Figure 1. 
Schematic of MWM setup for cued learning, spatial learning, and probe trials. The platform 

is elevated above the water for cued learning trials, and there are no visual clues. The 

platform is submerged below the water level for spatial learning trials and spatial cues are 

provided. The platform is removed but the spatial cues remain in place for the probe trials.
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Figure 2. 
Body weight loss was significantly greater in CCI + LPS animals than in CCI or Sham 

animals for up to one-week postinjury.
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Figure 3. 
Neurologic scores were significantly worse in CCI + LPS animals than in CCI or Sham 

animals for up to 1 week postinjury.
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Figure 4. 
Although all groups initially take a similar amount of time to reach the area around the 

platform on spatial learning trials, by the end of the trials, CCI + LPS animals take 

significantly longer to reach the same area than do both CCI and Sham animals.
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Figure 5. 
Probe trials demonstrated significant differences between Sham and CCI + LPS groups in 

time taken to reach the platform, with CCI + LPS animals taking significantly longer to 

reach the platform than Sham animals.
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