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Abstract

There is a growing awareness of the chronic brain injury that results from the sepsis syndrome. We
review experiments in several animal models of sepsis and show in one model, cecal ligation and
puncture (CLP), that permanent structural pathology matures after the initial event. Specifically,
we observed after exposure to CLP significant decreased spine density on the apical tree, but not
the basal tree, of dendrites in the CA1 region of the dorsal hippocampus that was accompanied by
a significantly diminished arbor of the apical dendrites, by 8 weeks, but not after 2 weeks. These
novel data from dendritic arborizations elaborate information about a cohort of mice that had
behaved in spatial memory tasks. These results raise questions about the relationship between
long-term behavioral consequences and intervention strategies.
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Introduction

Sepsis syndrome includes organ dysfunction and may begin with an infection that activates
the systemic inflammatory response, especially the innate immune system, that causes fever,
tachycardia, tachypnea and increased white blood cell count [1]. Nearly simultaneously,
sepsis syndrome activates the compensatory anti-inflammatory response mediated by a
complex interaction of regulatory T cells and myeloid-derived suppressor cells. The
balanced interplay necessary for a healthy outcome also depends on additional anti-
inflammatory components including the vagus nerve secretion of acetylcholine, which
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activates the a7 nicotinic acetylcholine receptor on innate immune cells and downregulates
inflammatory cytokines [2, 3]. While the invading pathogen initiates the inflammatory
response, the subsequent tissue destruction is caused by the host response and likely
contributes importantly to high mortality and persistent morbidity. This imbalance in the
pro-inflammatory and anti-inflammatory response to pathogens cannot be underestimated
for sepsis accounts for ~750,000 new patients each year, and ~200,000 deaths per year, in
the USA alone [4, 5].

Compounding the failure of several trials that attempted to control the post-inflammatory
component of the sepsis syndrome, the acute mortality rate in the 20-25 % range belies the
problems that occur in those who survive [6]. In the 50-80 % of those patients who survive
the acute event and exit the hospital, there is an increased disability burden perhaps best
characterized by persistent cognitive impairment and emotional disturbances [7-9]. Few of
these patients return to former lifestyle and the survivors’ burden of disability increases [7].
Age of the patient group has been proposed as an important factor in the poor long-term
outcomes [10], but poor outcome after sepsis correlated only with low body mass among
several geriatric conditions [11]. The neuropathy and myopathy that occur after prolonged
intensive care unit hospitalization are well documented [12]; however, it is the study of brain
injury after severe sepsis that strongly suggests direct injury to the central nervous system [9,
11, 13]. There is a dearth of neuropathological or neuroimaging data in clinical studies of
severe sepsis in patients who sustained hypotension and cardiac events that might have led to
cerebral ischemia and reperfusion injury. Despite the obvious clinical deterioration, the lack
of straight forward clinical structural brain information suggests that the injury is subtle.

Thus, studies of animal models of acute sepsis may provide clues to begin to understand the
cryptic brain injury in the clinical situation. While each experimental paradigm, for example
orthopedic trauma and chemical stress that mimicked infectious sepsis induction,
demonstrated that activation of the immune system led to the rapid early serum elevation of
one or more of the following candidate cytokines, IL-15 TLR4, TNFq, or IL-6, multiple
studies demonstrated that excessive serum activity of these candidate “cognitive” cytokines
[14] caused a post-septic behavioral impairment [15-23]. These experiments focused on the
singular effect of cytokine elevation in the circulation of mice on their subsequent
performance in a variety of tasks. Furthermore, some of these experiments used genetic
manipulation or cytokine blockade to alter the cytokine serum level and altered the
behavioral abnormality. In other experiments that have additionally probed the
neuropathological consequences of sepsis, the investigators used LPS injection as the
inciting stress, and demonstrated increased TNFa and IL-1/4, and the associated memory
performance impairment was accompanied by the loss of neurons in the hippocampus and
parietal cortex [24-26]. The finding that hippocampal and cortical regions of brain are
vulnerable to the toxic effects of at least these candidate cytokines that rise after trauma or
infectious stress is consistent with parts of the clinical outcome data. The recorded
preclinical data suggest that cytokine induced damage to the hippocampus and diffusely
throughout the cortex might go undetected in many clinical circumstances; revealed only by
the most advanced neuroimaging techniques,
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The CLP model seemed particularly advantageous because it replicated key aspects of
human sepsis, such as 20-30 % acute mortality, early hypotension and organ failure [27].
CLP also mimicked the most frequent form of polymicrobial gram-negative sepsis that
occurs in hospitalized patients [28-33]. Further, CLP permitted the study of the chronic
condition since animals that survived the initial injury are long lived (we have followed
animals for 24 weeks after the CLP exposure [34]). The time course permitted examination
of some of the late responses of the immune system, which included the elevation of
molecules like HMGBL [35, 37], which may stay elevated in sepsis survivors even until
discharge. This important relationship to the clinical condition reflects a failure of public
health education, because often by the time sepsis is recognized clinically so that patients
seek aid, the serum levels of cytokines, particularly TNFq, are no longer elevated [36].

Animal handling and the CLP procedure

Implementing the CLP model for behavioral and pathological analysis required animals be
maintained on a reverse light schedule (dark period, 09:00-21:00), with ad libitum access to
food and water. These male C57BL/6 mice (Charles River Laboratories) were 6- to 8 weeks
old at the time of CLP surgery. Mice were anesthetized using ketamine (100 mg per kg) and
xylazine (8 mg per kg) administered intramuscularly. Detailed surgical preparation has been
described [34, 37]. Briefly, the cecum below the ileocecal valve was isolated and punctured,
and the abdomen closed and the mouse was treated with saline and a single dose of
antibiotic (Primaxin, Merck, 0.5 mg per mouse in 200 L sterile saline injected
subcutaneously) and resuscitative fluid. SHAM-operated animals had the cecum isolated and
then returned to the peritoneal cavity, without being ligated or punctured, followed by
comparable post op care. After a recovery period, the mice were ready for behavioral and
neuropathological analysis.

Behavioral analysis

The behavioral analysis procedures have been described at length [38, 39]. In general, before
testing, mice were handled frequently for 5 days in 10-min sessions. Handling and
behavioral testing occurred during the dark period of the circadian cycle. Each mouse was
subjected to a primary screen of their behaviors, adapted from well-standardized research
[40, 41], such as open-field test measuring spontaneous locomotion, rota-rod test measuring
motor coordination, a black-and-white alley test measuring anxiety and a navigational test
measuring spatial working memory. These tests were separated by at least one day.
Specialized tests of working memory or freezing behavior to measure spatial and flexible
memory and fear conditioning to tone and context have been documented [34, 39, 42].
Recently, we have shown that CLP-exposed animals had normal standard neuropathological
assessment yet display a sustained impairment of spatial memory [34]. Thus, the opportunity
to explore the neuropathological associations with the CLP-exposed mouse turned to the use
of the Golgi method of impregnating neurons for substructural analysis.
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Pathological preparation

For Golgi impregnation, mice were saline perfused, and brains were removed and processed
using the Rapid Golgi kit (FD Neurotechnologies, Ellicott City, MD) as previously described
[43]. Brains were immersed in an impregnation solution (2 weeks), cut between the
hemispheres in the sagittal plane and then cut 20° from the ventral horizontal plane so the
hemisphere could be mounted on a cryostat chuck at an angle permitting the most
advantageous sections of the dorsal hippocampus. On a cryostat, 100-xm sections were
transferred to gelatin-coated slides. After drying, slides were stained and coverslipped. For
the analysis of the CAL region of the dorsal hippocampus, Z-stacks images (2.0 um steps) of
the neurons were acquired at 40X with a Zeiss Axio imager (Zen 2, Zeiss, Thornwood, NY).
The images were transferred to an automated program (Neurolucida, MBF, Williston, VT)
for counting and analysis. Quantitation of dendritic apical and basilar spine density of CA1
pyramidal cells was assessed. We only used dendrites that were whole and unbroken in the
projection field [34, 43]. We used Scholl analysis to quantitate the dendritic arbors. CA1
apical and basal dendrites were measured. We present data that show the Sholl analysis in
this hippocampal region for mice that survived 2 and 8 weeks after CLP.

Results and discussion

Here we elaborate structural data by demonstrating the altered dendritic arbors in a Sholl
analysis (using established methods for inducing CLP and for Golgi impregnation
techniques [34]). CLP mice spend significantly more time solving spatial memory problems,
and the partial report of the neuropathological changes showed decreased spine density in
the apical, but not basilar, dendritic tree [34] and [59].

Essentially, mice exposed to CLP (Fig. 1a) demonstrated that mice 8 weeks after CLP
exposure have significantly diminished apical dendrites in the CA1 region compared to sham
mice (P < 0.01, Kolmogorov—Smirnov test). Analysis of 8-week survivors of CLP, however,
demonstrated that the basal dendrites of the CA1 hippocampus were comparable to sham
mice (Fig. 1b; ns, Kolmogorov—Smirnov test). Mice that survived two weeks also showed no
difference in the apical dendritic tree of the CAL hippocampus (s, Kolmogorov-Smirnov
test).

The analysis of the Sholl dendrite arbors is consistent with the spine data that we have
already reported [34]; namely, the CA1 hippocampal apical spine density is diminished [by
4 weeks after CLP, the apical spine density was 0.51 + 0.09 spines/um compared to sham =
1.12 £ 0.14 spines/um (P < 0.05), and 16 weeks after CLP the apical spine density was 0.48
+ 0.02 spines/gm compared to sham = 0.94 + 0.07 spines/um (P < 0.05)], yet the basal
dendrite spine density was comparable across CLP and sham mice [59].

These results together with our previous and submitted data [34, 59] support the idea that
exposure to sepsis using the CLP model caused altered behavior. The association with
reproducible and focal pathological changes reflected by the chronic loss of dendrites
confined to the apical region of the CA1 hippocampus in this work describes the pathology
at a new level.
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Our past behavioral results based on chronically surviving animals show that behavioral
abnormalities develop weeks after CLP experience. While most cytokine bursts peak by 48—
72 h, it is the late rising cytokine HMGBL that may be implicated in neurological
destruction and behavioral abnormality. Indeed we have shown that HMGBL1 injections
alone disrupt memory performance and that treatment, within a week of the CLP exposure,
spares some of the spine alterations in the CA1 apical dendrites [34]. This result is
consistent with other experiments that also implicate increased HMGB1 over-activity in
behavioral abnormalities of mice [44, 45]. While HMGBL1 rises late in a septic episode, its
potential contribution to the chronic neuronal alterations needs further investigation. There is
evidence that immune mediators, and cytokines in particular, alter brain synaptic function
[14, 46, 47], so it is not surprising that recent information shows the regulation by TNF and
IL-1 of the surface density and activity of glutamate receptors [48]. These results suggest
that late rising cytokines and HMGBL, in particular, and potential blockade of HMGB1 may
hold clues for the late treatment of neurotoxic structural changes and behavioral impairments
that result from severe sepsis. Alternatively, HMGB1 has been demonstrated to play a role in
tissue repair [49], and whether blockade of HMGB1 and the timing of this blockade are
ultimately beneficial needs to be explored.

The density, size and shape of spines, and the sufficient combination of spines and dendritic
arbor that comprise the fundamental computing unit, compose a central issue that extends
the activity of the neuron to neural networks [48]. Thus, a quantitative analysis of these
structural neuronal components in disease models may be important. Much of the focus of
synapse and dendrite stability is on the signaling pathways that lead to the formation and
maintenance of spines and the interaction between the spines and the arbors [50, 51]. There
is evidence in paradigms that test the effects of different molecules, like hormones or drugs
of abuse, or learning and memory experiments, that altered spine density plays an important
mechanistic role in the studied behaviors [52-54]. Reports in preclinical experiments
demonstrate that acquired disorders of the nervous system, including autoimmune disorders,
can alter neuronal structural integrity, particularly dendrite arbors [55, 56]. There is also
precedent for alterations in spine density and dendritic arbors in various psychiatric and
genetic disorders [50, 57, 58]. Thus, the present results demonstrate the potential usefulness
of the CLP model to contribute to an understanding of the sepsis syndrome by pointing out
potential regions of anatomic vulnerability. The mechanism of that damage awaits further
experiments.
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Fig. 1.
Sholl analysis of apical and basal dendrites in 2 and 8 weeks post-CLP-exposed mice and

shams. a Sholl analysis of apical CA1 dendrites of the hippocampus demonstrates
significant loss of arbors in animals 8 weeks post-CLP or sham (five mice in each group,
neurons = 29 in each group; D= 0.5, £<0.01, Kolmogorov-Smirnov test). b Sholl analysis
of basal CA1 dendrites demonstrates comparable arbors in animals 8 weeks post-CLP or
sham (four mice in each group, neurons = 27 in sham and 26 in CLP; D=0.1, NS,
Kolmogorov-Smirnov test). ¢ Sholl analysis of apical CA1 dendrites of the hippocampus
demonstrate comparable arbors in animals 2 weeks post-CLP or sham (six mice in each
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group, neurons = 6; D= 0.3, NS, Kolmogorov-Smirnov test). Sham b/ack, CLP red (Color
figure online)
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