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Abstract

Fever can affect the majority of patients with subarachnoid hemorrhage (SAH) and many times no identifiable source is found for
the fever whether infectious or sterile, like deep vein thrombosis. We hypothesized that fever in SAH is mediated by a NON-
cyclo-oxygenase-dependent mechanism, which we neologized as subarachnoid hemorrhage-induced pyrexia (SAHiP). This
hypothesis was investigated using genetically modified mice, pharmacological manipulation, cerebrospinal fluid from SAH
patients, and a large cohort of SAH patients. Mice with deletions of neuronal prostaglandin EP3 receptor, global toll-like receptor
4 (TLR4), myeloid TLR4, and microglial TLR4 were subjected to SAH after being implanted with thermometers. Pathways
necessary for SAHiP were identified. In SAH patients, cerebrospinal fluid was examined by flow cytometry and correlated with
SAHiP. From a large cohort of SAH patients, independent associations with SAHiP were determined using logistic regression
analysis. In our mouse model of SAH, microglial TLR4 is necessary for SAHIP, but independent of the neuronal prostaglandin
EP3 receptor, cyclo-oxygenase, and prostaglandins. Macrophages from the cerebrospinal fluid of SAH patients with SAHiP
expressed more TLR4-co-receptor than SAH patients without SAHIP. In a large cohort of SAH patients, SAHiP was found to be
independently, yet inversely, associated with acetaminophen administration. SAHiP is independent of the neuronal prostaglandin
EP3 receptor, cyclo-oxygenase, and prostaglandins, but dependent on microglial/macrophage TLR4 with evidence from both
SAH mouse models and SAH patients.
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Introduction

Fever occurs in the majority of patients in a neurological inten-
sive care unit (Neuro-ICU), and can affect up to 70% of patients
[1-5]. Interestingly, many of the Neuro-ICU patients that present
with fever do not have an identifiable source for the fever [6].
Fevers without an identifiable source have been clinically
investigated mostly in relation to aneurysmal subarachnoid
hemorrhage (SAH), where it is commonly seen, with varying
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definitions and monikers for this type of fever. That being
said, all fever comes from cerebral output that involves hypo-
thalamic relays, most specifically located in the median
preoptic nucleus (MnPO) utilizing the prostaglandin EP3 re-
ceptor; making terminology like neurogenic fever or central
fever redundant [7-10]. The generation of prostaglandins re-
quires the enzyme, cyclo-oxygenase (COX), to catalyze the
conversion of arachidonic acid to prostaglandins which initi-
ate the febrile response by activating the EP3 receptor on the
MnPO. The use of COX inhibitors, such as acetaminophen or
meloxicam, is based on the premise that prostaglandins are
required for a febrile response. In fact, the use of COX-
inhibitors to control the fever in SAH has failed many times
in large clinical trials, suggesting that the mechanism behind
these fevers, which we call subarachnoid hemorrhage—
induced pyrexia (SAHiP), may be different [11-13].

In this study, we hypothesized that SAHiP occurs indepen-
dently of the prostaglandin receptor pathway, and we tested this
hypothesis using both genetic and pharmacological approaches.
Genetically, mice with a conditional deletion of the neuronal


http://crossmark.crossref.org/dialog/?doi=10.1007/s13311-020-00866-x&domain=pdf
https://doi.org/10.1007/s13311-020-00866-x
mailto:khanafy@bidmc.harvard.edu

Defining the Mechanism of Subarachnoid Hemorrhage-Induced Pyrexia

1161

EP3 receptor were subjected to SAH, and SAHiP was measured.
Pharmacologically, wild-type mice subjected to SAH were treat-
ed with a COX inhibitor after SAH, and SAHiP was measured.

We also hypothesized that microglial TLR4 is necessary for
SAHiIP. We explored this hypothesis using mice with a global
deletion of toll-like receptor 4 (TLR4), mice with a condition-
al deletion of all myeloid TLR4, and mice with a conditional
deletion of microglial TLR4; all these mice were subjected to
SAH and SAHiP was measured.

We also hypothesized that the expression of TLR4 moieties
on macrophages from the cerebrospinal fluid of SAH patients
would be associated with SAHiP and that in a large cohort of
SAH patients we could determine independent associations
with SAHiP.

Materials and Methods

Animal Information and Anesthesia All experimental proce-
dures were approved by the Institutional Animal Care and Use
Committee (IACUC) at Beth Israel Deaconess Medical Center
(BIDMC). The facility is accredited by the Association for
Assessment and Accreditation of Lab Animal Care and fully
complied with all federal, state, and local laws. Animals were
housed at BIDMC and fed a standard rodent diet ad libitum
with 24-h access to either water and/or hydrogel while kept on
a 12-h light/12-h dark cycle at 24 °C+ 1.5 °C. All surgical
manipulations were performed under general anesthesia with
a 10/4 mg/kg mixture of ketamine (VetOne) and xylazine
(Akorn Animal Health), respectively. For procedures, 8—12-
week-old male and female mice, all on a C57BL/6 CD45.2*
background, were obtained from the Jackson Laboratory un-
less otherwise indicated: B6.129P2(Cg)-Cx3cr1™2-1(cre/
ERTDLIE (X 4Cr1 ™R stock no. 021160—a tamoxifen-
inducible myeloid-driven Cre promoter), B6.129P2-
Lyz2™ 1€l (LyzMC™, stock no. 004781—a myeloid driven
Cre promoter), B6.Cg-Tg(Nes-cre)1Kln (Nestin™™, stock no.
003771—an early astrocyte and neuron-driven Cre promoter),
B6(Cg)-Tlr4™!"%a? (TLR4Y courtesy of Dr. Tim Billiar),
B6;129-Prger3™ <™ (ptger3™™ courtesy of Dr. Michelle
Kimple, University of Wisconsin Madison), B6(Cg)-
Tir4™!-2Karp (TLR4™", stock no. 029015), and B6.SJL-
Piprc® Pepc” (C57BL/6 CD45.1% mice, stock no. 002014).
The following murine crosses were generated:
CX5Cr1CER.TLR4™M! (tamoxifen-inducible to create a
microglial specific knockout of TLR4), LyzM“™: TLR4 ™"
(TLR4 knockout on all myeloid cells), and Nes“™:ptger3™™
(aneuron and astrocyte-specific knockout of the prostaglandin
EP3 receptor). All mice received 4 mg of a 0.02 mg/uL sub-
cutaneous injection of tamoxifen (Sigma-Aldrich) prepared in
corn oil 1 week prior to placement of intraperitoneal thermom-
eters (datalogger), so as to control for potential effects of ta-
moxifen upon body temperature. The research personnel that

performed the surgical procedures were different from the
personnel that conducted the temperature analysis or flow
cytometry, thereby ensuring appropriate blinding.

Surgical Procedures

Laparotomy Procedure was performed for the placement of
dataloggers (Subcue Minitemperature DataloggersTM,
Canadian Analytical Technologies) that recorded the core tem-
perature at 15-min intervals. The mice were anesthetized as pre-
viously described, followed by a midline abdominal incision of
approximately 2.5 cm in length, for placement of the datalogger.
Primary closure of the abdominal wall, along with secondary
skin closure, was performed using 5.0 silk suture.

SAH One week following datalogger implantation, mice were
anesthetized and SAHs were induced as previously described
[14]. Briefly, 60 ul of arterial blood from donor CD45.1*
mice, or 60 pl of normal saline for controls, was injected at
a 40° ventral angle through a burr hole 4.5 mm anterior to the
bregma to generate an SAH.

Intracerebroventricular Injection Intracerebroventricular in-
jection was performed on anesthetized mice using a standard
stereotaxic instrument setup (KOPF Instruments, Tujunga,
CA, USA). One 2.5-mm-deep burr hole was drilled
0.22 mm posterior and 1 mm lateral to the bregma to enter
the ventricle. One 5-pg injection of lipopolysaccharide (LPS)
at a concentration of 1 pg/ul was administered using pre-
measured capillaries, as previously described [14, 15].

Fever Burden Calculation Dataloggers were removed follow-
ing euthanasia and temperature recordings were recovered.
Fever burden was calculated by plotting the difference in core
temperature, per reading, relative to the temperature prior to
SAH, in a time-locked fashion. A total of 300 measurement
differentials (15-min intervals), or 3.125 days, were summed
to yield the fever burden.

Flow Cytometry and Antibodies Murine cells isolated from
whole brain or blood were re-suspended in FACS buffer
(1% bovine albumin, 2 mM EDTA), and 0.05% NaN3 in
PBS. Non-specific binding was blocked by treatment with
anti-CD16/32 Trustain FcX (1:100; Biolegend) prior to incu-
bation with antibodies directed against the following antigens:
CD45.1-BV510, CD45.2-BV785, CD11b-PE/Dazzle,
CD11c-APC, CX;Crl-FITC, CD68-AF700, GR-1-PE/Cy7,
TLR4-PE, and Tmem119-AF790 (1:100; BioLegend).
Endogenous cells were identified by exclusion of donor
CD45.17 cells. Blood from CD45.1* mice was used to differ-
entiate the injected blood from among the endogenous leuko-
cytes of CD45.2* experimental SAH mice. The highly
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specific microglial marker, Tmem119 [16], was used to iden-
tify CD45.2*CD11b"CX3CR1MCD68™ Tmem119™ endoge-
nous microglia. Blood-circulating monocytes and neutrophils
were identified by size and granularity (forward- and side-
scatter), and validated by CD11b"CD68" and Gr-1" signa-
tures, respectively. Appropriate unstained controls were used
to determine positive populations. For analysis of human CSF,
non-specific block was followed by incubation with antibod-
ies directed against CD15-PeCy7, and CD14-APC (5:100,
Biolegend). CSF macrophages were classified as
CD14"CD15". The murine flow cytometry acquisition was
performed on a CytoFLEX LX (BD Biosciences) and human
CSF data was acquired on a FACSAria II (BD Biosciences).
Analysis of all flow data was completed using FlowJo soft-
ware (FlowlJo, LLC.).

CSF Collection and Cell Pellet Harvest CSF (20 cc) from SAH
patients was collected sterilely via the most distal external
ventriculostomy drain (EVD) port within 48 h of ictus. The
collected CSF was transported on ice and immediately proc-
essed. The CSF was centrifuged at 500xg for 5 min and the
cell pellet was immediately processed for flow analysis.

Cohort Design This study was an investigator-initiated, pro-
spective, observational cohort study of SAH patients admitted
to the Neuro-ICU at BIDMC in Boston, Massachusetts. In
patients from whom CSF was collected, SAH occurred be-
tween 2015 and 2016. With informed consent obtained from
patients, or their legally authorized representative (LAR), ce-
rebrospinal fluid (CSF) was collected from patients who had
EVDs placed for clinical reasons within 48 h of ictus. The
diagnosis of SAH was established by computed tomography
(CT) or xanthochromia of the cerebrospinal fluid if the CT was
negative. Patients were not enrolled if (1) aged less than
18 years old, (2) pregnant, (3) greater than 48 h since ictus,
or (4) patients, families, or LARs did not want to participate in
the study. All patients, or their LARs, that consented to this
study were included. No informed consent was obtained for
the 2010-2018 SAH cohort, where CSF was not collected, as
all patient information was de-identified. All patient eligibility
requirements, consent methodology, and enrollment proto-
cols, as well as sample collection, processing, and storage
procedures, were approved by the Institutional Review
Board (IRB) of BIDMC.

General Management The care of SAH patients conformed to
guidelines established by the American Heart Association [17].

Clinical and Radiographic Data Collection Clinical variables
such as Hunt-Hess Grade [18], general demographics, patient
history, laboratory values, culture data, and medications were
recorded for the first week after admission to the BIDMC
Neuro-ICU. Chest radiographs and venous ultrasounds were
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performed, per protocol if the patient was febrile, and read by
radiologists blinded to the study. The dates of placement and
discontinuation of central venous lines, Foley catheters, exter-
nal ventriculostomy drains, and endotracheal tubes were all
recorded. Admission CT scans were independently evaluated
by a study neurointensivist for the presence and quantity of
blood in the subarachnoid space and the intraventricular space
to determine the modified Fisher (mF) score [19, 20].

Determination of Subarachnoid Hemorrhage-Induced
Pyrexia For a patient to have a fever defined as SAHiP, they
had to fulfill 3 criteria. First, the patient had to have a temper-
ature > 38.5 °C during the first week of Neuro-ICU admission.
Temperature is measured every 6 h on every patient in the
Neuro-ICU. Second, the patient had to have negative cultures
of'the cerebrospinal fluid, blood, broncho-alveolar lavage, and
urine over the first week of admission. Third, all chest radio-
graphs and venous ultrasounds performed during the first
week could not indicate an alternate source of fever.

Protocol for Administration of Acetaminophen in Febrile SAH
Patients Patients with temperatures greater than 38.5 °C dur-
ing the first week of Neuro-ICU admission received 1 g of
intravenous acetaminophen for a maximum of 4 g per day. If
the fever decreased by at least 0.5 °C at the next temperature
check, acetaminophen administration was continued, if not it
was halted. Opiates are not given for fever in our Neuro-ICU.

Determination of Delayed Cerebral Ischemia Delayed cerebral
ischemia (DCI) was defined by two criteria. First, the cerebral
infarction must not be evident on the admission CT scan.
Second, it must not be a result of a surgical complication.
CT scans at 7 days were evaluated for any evidence of DCI,
by neuroradiologists blinded to the study. Ultimately, DCI was
treated as a categorical variable, so if there was any evidence
of an ischemic stroke that fulfilled DCI criteria, the CT scan
was interpreted as positive.

Statistical Analysis Continuous variables were assessed for
normality with skewness and kurtosis. Data that was not nor-
mally distributed was reported as medians with inter-quartile
ranges. Data that was normally distributed was reported with
means and standard deviations. Categorical variables were
reported as count and proportions in each group. Grouping
was based on clinical significance or median versus mean,
depending on normality. To study univariate associations be-
tween SAHiIP and other variables, chi-square or ¢ test analysis,
for categorical versus continuous variables, were performed,
respectively. Associations at p < 0.2 from the univariate anal-
ysis, as well as variables with biological plausibility, were
entered into the regressions, in a forward, stepwise manner
using SPSS 25 to determine independent associations with
SAHIP (SPSS Inc., Chicago, IL, USA).
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Results

No difference was seen between three male and three female
wild-type (WT) SAH mouse models in terms of fever, and so
the two genders were grouped together; that is, an n of 6. The
temperature of WT control mice and WT SAH mice is shown
(Fig. 1A). The temperature of the WT SAH mice is signifi-
cantly higher at every time point (p <0.04 by 2-way
ANOVA). A common way to study fever in the Neuro-ICU
patient population is to calculate a fever burden, or area under
of the curve of fever with respect to time, and therefore the
fever burden of SAH and control mice is shown in Fig. 1B
[11-13, 21]. Also seen in the figure is a positive control for
fever using the canonical toll-like receptor 4 (TLR4) agonist,
lipopolysaccharide (LPS), injected into the ventricular space.
No difference was seen between fever and fever burden when
comparing SAHiP to the LPS-induced fever.

To determine whether TLR4 was necessary for SAHiP, we
repeated the above experiment placing data loggers in global
TLR4™" mice and induced SAH after 1 week. The results
demonstrate that global TLR4~~ mice with SAH were pro-
foundly hypothermic compared to SAH in wild-type mice

a
38-

TLR4" sAH
= TLR4" control

37

Temperature °C

(Fig. 2A). We next wanted to investigate the role of the ca-
nonical fever pathway involving the neuronal prostaglandin
EP3 receptor. Surprisingly, when SAH was induced in the
Nestin“™:ptger3™”™ mice, their fever curve and fever burden
was identical to that of WT SAH mice (Fig. 2B). Similarly
when WT SAH mice were treated with meloxicam, a cyclo-
oxygenase (COX) inhibitor, the fever curve and fever burden
were unaffected (Fig. 2B).

To further elucidate the cell populations involved in
SAHIiP, we posited that microglial TLR4 or peripheral leuko-
cyte TLR4 may be necessary. To test this hypothesis, we gen-
erated 2 novel, conditional knockout mice, LyzC“’:TLR4ﬂ/ﬂ
and CX3Cr1“ER: TLR4™" mice, where both Cre drivers
have been previously described and validated [15, 22-24].
With respect to TLR4 expression, we validated that TLR4
was not expressed on microglia in the brain, or neutrophils
in the peripheral blood in the Lyz“™:TLR4™™ mice using flow
cytometry (Fig. 3A). Similarly, we confirmed that TLR4 was
not expressed on microglia in the brain, but was expressed on
neutrophils in the peripheral blood of CX3Cr1™ER: TLR4"?
mice (Fig. 3B). Furthermore, we found no significant differ-
ence in fever burden between the TLR4 conditional knockout,

time in 2 hour increments

Fig. 1 (A) Intraperitoneal thermometers (dataloggers) were implanted in
8 male and 8 female TLR4™Y mice on C57BL/6 background. After
1 week, male (n =4) and female (n =4) mice were subjected to subarach-
noid injection of 60 pl of whole blood from CD45.1* mice (C57BL/6
background); the remaining 8 mice were subjected to subarachnoid injec-
tion of 60 pl of normal saline. Post-SAH surgery (36 h), temperatures
were recorded from the two groups and are shown for every 8 h, with
mean and standard error of the mean. The mice subjected to SAH had
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significantly higher temperatures at all time points by two-way ANOVA
(p<0.03; n=16). (B) Fever burden was calculated by subtracting 36.5 °C
from each time point, 36 h after SAH surgery, and summing the values
over 3.125 days, or 300 measurements at 15-min intervals.
Intracerebroventricular injection of 5 pg of lipopolysaccharide was per-
formed as a control for TLR4-dependent fever in male (n = 3) and female
(n=3) TLR4"™ mice. Statistical significance was determined by
Student’s ¢ test and showed no difference
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Fig. 2 (A) Fever burden in TLR4™" SAH mice was compared with the
fever burden of global TLR4 '~ SAH mice. The lack of TLR4 completely
inhibited the SAHIP response. Statistical significance was determined by
student’s t test (» <0.0001; n =3 F, n=3 M). (B) Prostaglandin pathway
involvement in SAHiP was determined by performing SAH in Nestin®"™:
ptger3™”™ mice, which yielded the same fever burden as observed for

the global TLR4 knockout, and wild-type mice exposed to
control normal saline injections (Fig. 3C).

We next repeated the SAHIP experiment in the novel con-
ditional knockouts of TLR4 and found no significant differ-
ence between the hypothermia exhibited by the global TLR4 ™’
~ SAH mice and Lyz"™:TLR4™™ or CX3Cr1R; TLR4M™
SAH mice (Fig. 4).

We next wanted to examine whether cerebral macrophage
TLR4 was involved in SAHIP seen in patients. We took cere-
brospinal fluid (CSF) from 21 consecutive SAH patients. We
then performed flow cytometry on the CSF leukocytes and
identified the percentage of CD14"CD15™ macrophages,
where CD15 is a marker of neutrophils. An attempt was made
to gate this population for TLR4, but there was no expression
of this receptor or MD-2, the co-receptor of TLR4; however,
CD14 is the other co-receptor of TLR4 required for down-
stream activation [25, 26]. Because of the lack availability of
any human antibodies that recognized TLR4 or MD-2, we
used CD14 as a surrogate for TLR4 expression. We found a
significant increase in CD14"CD15~ macrophages in SAH
patients with SAHiP versus those without SAHiP (Fig. 5).

We next wanted to validate independent associations with
SAHIP in a large SAH patient population. Over the last
9 years, we enrolled 458 consecutive, de-identified, SAH pa-
tients in our database and using our electronic medical record
system in the Neuro-ICU, kept track of demographics, radi-
ography, chemistry, and infectious workup results. The gener-
al characteristics of the patient population can be seen in
Table 1. Of note, we found that 28% of our population was
febrile in the first week, although we defined a febrile thresh-
old at 38.5 °C which could explain the lower incidence of
fever in our Neuro-ICU. Furthermore, of SAH patients that
were febrile, the majority of them had SAHiP.

To determine independent associations with SAHiP, a bi-
nary logistic regression was performed with SAHiP versus
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TLR4™"™ SAH and ptger3™™+ 100 pg meloxicam SAH mice. The
SAHIP response was unaffected by the total lack of prostaglandin EP3
receptors in neurons, and the inhibition of the cyclo-oxygenase enzyme
by meloxicam. Statistical significance was determined by two-way
ANOVA and showed no differences (n=6 per group, equally divided
between the genders)

Fever burden in °C*min

non-SAHiP fever as the dependent, categorical variable.
Three variables were independently, and negatively, associat-
ed with SAHiP: acetaminophen administration, duration of
central line placement in hours, and age in years. That is,
SAH patients that do not receive acetaminophen, those with
central lines in place for shorter times, and those that are
younger are more likely to have SAHiP (Table 2).

Discussion

Fever in patients with SAH likely has a very different mech-
anism by which it occurs. From mouse models, it has long
been established that infectious fever, using peripheral lipo-
polysaccharide (LPS) injection, occurs via a cyclo-oxygenase
(COX)-dependent mechanism which relies on the production
of prostaglandins [7—10, 27-29]. The peripheral LPS injection
activates TLR4 on leukocytes and endothelial cells, resulting
in the production of PGE2, which then diffuses into the brain.
The PGE2 then binds to and activates the prostaglandin EP3
receptor in the median preoptic nucleus of the hypothalamus,
which then results in a fever by canonical mechanisms. This
also explains why pharmaceuticals like acetaminophen,
meloxicam, or other COX inhibitors are effective in suppress-
ing these canonical fevers, which we will term classical fever.
As such, terms such as neurogenic or central fever are redun-
dant as all fever requires a neurological relay, whether it is
classical fever or SAHiP.

In SAHIP, whether it is in an SAH mouse model or SAH
patients, there is no source of fever at all. While heme and
other hemoglobin byproducts can be TLR4 ligands [14, 30,
31], similar to LPS, the location of TLR4 stimulation, and
the downstream signal transduction, is very different be-
tween classical fever and SAHIiP. In classical fever, TLR4
stimulation first occurs peripherally with circulating
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macrophages and neutrophils, as well as peripheral endo-
thelial cells, which result in production of PGE2 [28].
Conversely, in SAHiP, based on our SAH mouse model,
stimulation of microglial TLR4 is necessary for SAHIiP,
and no peripheral stimulation of TLR4 on circulating mac-
rophages and neutrophils is required (Fig. 4). Furthermore,
our lab, as well as others, has shown that the TLR4 activa-
tion by heme versus LPS results in very different down-
stream signal transduction [14, 32]. There is evidence for
this in the SAH mouse model, as well as clinically in SAH
patients. First, the classical fever pathway requires the

<« Fig. 3 (A) Flow cytometry of brain homogenates and peripheral blood

obtained from LyzM ™ TLR4™™ SAH mice was performed. Results are
illustrated by the representative histogram. Blood injected into the brain
was excluded from analysis by CD45.1" selection, leaving only
endogenous CD45.2% cells. Microglia were sequentially gated:
CD45.2*CD11bMCX3CR1™MCD68™ Tmem119™. This population was
interrogated for TLR4 expression, which is represented by the brain/
microglia histogram. Circulating monocytes and neutrophils were gated
by size and granularity (forward and side scatter), and by CD11b"CD68"
and Gr-1". As for the peripheral blood, TLR4 expression was subse-
quently interrogated and is represented by the blood/neutrophils histo-
gram. Data demonstrated that TLR4 was not expressed in either microg-
lia, or neutrophils (n=3). (B) Similar flow and gating procedures were
performed on the CX;Cr1““*R:TLR4™™ SAH mice. A representative
histogram is shown. Data illustrated a lack of TLR4 expression in mi-
croglia, but normal expression of TLR4 in circulating neutrophils (n=3
mice). (C) The fever burdens for wild-type C57BL/6 (WT), TLR4"™,
TLR4 ", ptger3™™, LyzM ™ TLR4™", and CX;Cr1“**R:TLR4™" con-
trol mice injected with 60 pl of normal saline are shown with mean and
standard error of the mean. All mice were injected with tamoxifen 1 week
prior to the recording. Statistical significance was determined by one-way
ANOVA and showed no differences between fever burdens of control NS
injections between mice of different genotypes (n =3 per group)

prostaglandin EP3 receptor in the median preoptic nucleus,
which is deleted in the Nestin®": ptger3™™ mice [9]. Mice,
exposed to SAH with this prostaglandin receptor deletion
still had SAHiP that was unchanged from wild-type mice
(Fig. 2). Further, SAHiP in WT SAH mice was unaffected
by meloxicam treatment (Fig. 2). Therefore, even if heme or
its byproducts activate TLR4, then COX, and result in sub-
sequent PGE2 production, PGE2 is not required for SAHiP.
In addition to our mouse model of SAHIP, there is indirect
evidence for this in SAH patients, as well.

In 21 febrile SAH patients where cerebrospinal fluid (CSF) was
collected and subjected to flow cytometry, patients with more
CD14"CD15™ macrophages in their CSF were more likely to have
SAHiP. Although the number of patients is very small, this again
suggests a different immunological mechanism for SAHiP versus
classical fever in SAH patients. While we could not show that
TLR4 expression on CSF CD14*CD15~ macrophages was critical
to SAHIP, due to lack of selective human anti-TLR4 flow cytom-
etry antibodies; CD14 is in fact a necessary component to TLR4
signaling [25, 26, 33]. CD15 is a specific marker for neutrophils in
humans, so the CD14"CD15™ subset of macrophages likely all
express TLR4 and support our conclusion that cerebral macro-
phage TLR4 is necessary for SAHiP compared to classical fever.

Finally, our logistic regression of 129 SAH patients with fever
revealed an inverse relationship between acetaminophen admin-
istration and propensity for SAHiP. This could indicate that
intensivists that administer acetaminophen do not see an effect
on SAHIP, whereas they do see an effect with classical fever and
so continue to administer acetaminophen to these patients.

An interesting corollary of our findings might address the
apparent effectiveness of bromocriptine in the treatment of
SAHIP [34]. One in vitro study suggested that microglial
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Fig. 4 Determination of whether
microglial TLR4, neutrophil
TLRA4, or both were necessary for
SAHiP. SAH was induced in
global TLR4 ™", microglial
TLR4 ™ (CX5Cr1 C~ER. TLR4M
mice), and mice that lacked TLR4
on microglia and all peripheral
myeloid cells (LyzM“™:TLR4™"
mice). The fever burden in all
murine subsets were determined
to be the same and indicated that
only microglial TLR4 was
necessary to mediate SAHiP.

8

100

-1504

-200

Fever burden in °C*min

cX3Cr1°eER.T L R4 SAH
B3 Lyzm®re:TLR4"M SAH
[ TLR4™ sSAH

Statistical significance was
determined by ANOVA and
showed no differences (n = 6 per
group, equally divided between
the genders)

cultures exposed to a-synuclein, a protein aggregate found in
Parkinson’s disease, release glutamate via TLR2 and TLR4
activation [35]. The authors also found that glutamate release
can be prevented by dopamine. Interestingly, the effector path-
way of both classical fever and likely SAHIP requires gluta-
mate neurotransmission from the rostral medullary raphe to
induce fever [7, 28]. Perhaps bromocriptine, via dopamine
agonism, mediates its effects in SAHiP by inhibiting
microglial glutamate release induced by heme activation of
TLR4. In the future, this could be investigated by cerebral

e
.

% of cells CD14*CD15

Fig.5 CSF obtained from SAH patients was subjected to flow cytometry
and interrogated for CD14*CD15~ macrophages. Patients were divided
into those with SAHiP and non-SAHiP fever, and the percent population
of macrophages is shown. Statistical significance was determined by
Student’s # test p < 0.03, and showed that patients with higher percentage
of CSF macrophages had more SAHiP (n =21 SAH patients)
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microdialysis of both SAH patients and rodent models that
exhibit SAHIP after administration of bromocriptine.

One other study has examined SAHiP-like fevers,
which were termed neurogenic fevers by the authors
[6]. There were several important differences between
this previous study and our current study. The authors
did include venous thromboembolism as one cause of
non-infectious fevers, but not atelectasis, like our study
did. Furthermore, our study was restricted to SAH,
whereas this previous study included all Neuro-ICU pa-
tients. Because we defined SAHiP based on the lack of
growth from any bodily fluid culture, no infiltrate or
atelectasis on chest radiograph, and no venous thrombo-
sis, we did not use these as independent variables. We
did control for blood transfusions, but perhaps due to
differences in practice and different patient populations,
only 8 patients or 6% of our febrile SAH patients re-
ceived any form of blood transfusion; no association
was found on univariate or multivariate analysis be-
tween SAHiP and blood transfusion. We also looked
at the onset of SAHiP versus non-SAHiP fever and
found that both occurred with approximately 72 h of
Neuro-ICU admission. We also examined the association
of intraventricular hemorrhage (IVH) and SAHiP, since
the modified Fisher score for SAH accounts for IVH
and we found no association between IVH in SAH
and SAHiP. The differences in between our studies
can be explained by a host of reasons. In addition to
the mixed ICU population and the differing definition of
fever, the administration of acetaminophen was
protocolized in this previous study, and not controlled
for as an independent variable. The inverse independent
association with acetaminophen we found was likely
due to the fact that our data demonstrate that SAHiP
is mediated via non-COX mechanisms.
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Table 1  Patient Characteristics
Total SAH patient population Subset of febrile SAH patients

Number 458 129
Age (years)

Male 55 (42-68) 55 (42-68)

Female 60 (45-75) 62 (50-74)
Male sex (%) 185(38%) 56 (43%)
Modified Fisher grade 3(24) 3(24)
Hunt and Hess grade 3(2-5) 3(2-5)
Aneurysm identified 294 (64%) 98 (76%)
Delayed cerebral ischemia 37 (19%) 24 (19%)
Hypertension 248 (54%) 65 (50%)
Migraine 69 (15%) 9 (7%)
Alcohol 358 (78%) 91 (70%)
Smoking 321 (70%) 41 (32%)
Coiled 271 (59%) 84 (65%)
Red blood cell transfusion 45 (10%) 8 (6%)
Duration of endotracheal tube (days) 3(1-14) 5(3-18)
Duration of Foley catheter (days) 6 (3-14) 8 (7-13)
Duration of external ventricular drain (days) 7 (6-14) 7 (6-14)
Duration of central venous access (days) 7 (3-10) 9 (7-11)
Acetaminophen administered 99 (22%) 48 (37%)
Acetaminophen administered (grams) 1(0-2) SAHiIP 5 (2-8) non-SAHIP 14 (6-22)
SAHIP patients 66 (14%) 66 (52%)
ICU length of stay (days) 9 (5-14) 12 (7-15)
Modified Rankin at last follow-up 2 (1-6) 2 (2-6)

In summary, our findings indicate a novel mechanism for
SAHIP that is independent of COX and dependent on

microglial TLR4 in a mouse model of SAH. Support for the
dependence on macrophage TLR4 is seen in the flow

Table 2 Univariate and
multivariate analysis for
independent association with

Univariate (n = 129)

Multivariate logistic (n = 129)

SAHIP p value OR (95% CI) p value
Age 0.18 0.95 (0.96-0.98) <0.04
Gender 0.38 Included 0.73
Hunt and Hess grade 0.34 Included 0.38
Modified Fisher score 0.78 Included 0.6
Delayed cerebral ischemia 0.29
Smoking 0.3
Hypertension 0.3
Acetaminophen 0.2 0.21 (0.12-0.31) <0.001
Blood transfusion 0.6
Foley catheter duration (hours) 0.11 Included 0.62
Endotracheal tube duration (hours) 0.55
External ventriculostomy duration (hours) 0.4
Central venous line duration (hours) 0.035 0.98 (0.95-0.99) <0.05
Surgical management 04

The italics indicate that the variable was included in the multivariate logistic regression
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cytometry results of SAH patients with SAHiP, and further
corroborated by the inverse, independent association with
acetaminophen in a large cohort of febrile SAH patients.
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