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ABSTRACT

Exposure to fuels continues to be a concern in both military and general populations. The aim of
this study was to examine effects of in vivo rat repeated exposures to different types of jet fuel
utilizing microelectrode arrays for comparative electrophysiological (EP) measurements in hippo-
campal slices. Animals were exposed to increasing concentrations of four jet fuels, Jet Propellant
(JP)-8, Jet A, JP-5, or synthetic Fischer Tropsch (FT) fuel via whole-body inhalation for 20 d (6 hr/d,
5 d/week for 28 d) and synaptic transmission as well as behavioral performance were assessed.
Our behavioral studies indicated no significant changes in behavioral performance in animals
exposed to JP-8, Jet A, or JP-5. A significant deviation in learning pattern during the Morris water
maze task was observed in rats exposed to the highest concentration of FT (2000 mg/m?). There
were also significant differences in the EP profile of hippocampal neurons from animals exposed
to JP-8, Jet A, JP-5, or FT compared to control air. However, these differences were not consistent
across fuels or dose dependent. As expected, patterns of EP alterations in brain slices from JP-8
and Jet A exposures were more similar compared to those from JP-5 and FT. Further longitudinal
investigations are needed to determine if these EP effects are transient or persistent. Such studies
may dictate if and how one may use EP measurements to indicate potential susceptibility to
neurological impairments, particularly those that result from inhalation exposure to chemicals or
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mixtures.

Introduction

Jet fuels are employed abundantly in both the military
and the commercial settings. As such, the effects of
exposure to these complex mixtures continue to raise
concerns. Several investigators examined the potential
adverse health effects of jet fuel exposure (Porter 1990;
Proctor et al. 2011; Smith et al. 1997; Tu et al. 2004).
Occupational exposure limits (OELs) were developed
for various jet fuel(s) in military populations.
Currently, the OEL is set at 200 mg/m’ aerosol and
vapor for Jet Propellant (JP)-8 (Mattie and Sterner
2011). However, unusual circumstances may lead to
unintended exposure of military personnel to concen-
trations of jet fuel that exceed the OEL.

JP-8 is a kerosene-type jet fuel widely used by the
U.S. Air Force, Army, and Navy. Jet A, which is

virtually identical to JP-8, is currently used for com-
mercial aircraft and may likely replace JP-8 in mili-
tary operations in the future. The U.S. Navy also uses
JP-5, similar to JP-8 in composition but possesses a
higher flash point, which provides an additional
layer of safety in fuel handling on aircraft carriers.
Main components of JP-8, Jet A, and JP-5 are ali-
phatic and aromatic hydrocarbons (Risher et al.
2017; Table 1). Jet A is the base fuel used for the
production of JP-8 and JP-5. Typical additives to JP-
8 and JP-5 include antioxidants, static inhibitors,
corrosion inhibitors, fuel system icing inhibitors,
lubrication improvers, biocides, and thermal stability
improvers. Fischer Tropsch (FT) is a kerosene-type
fuel similar to JP-8 and JP-5 but contains only trace
amount (<1%) of aromatic compounds and pro-
duced from  alternative energy  resources
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Table 1. Jet Fuel Constituents for Jet A, JP-8, JP-5, and FT.
Analysis Was Performed Using the Striebich et al. (2014)
Method. All Values Are in % by Weight

Jet A JP-8 JP-5 FT

Total alkylbenzenes 13.69 10.74 11.23 0.34
Total alkylnaphthalenes 1.76 0.93 1.40 0.01
Total cycloaromatics 5.79 7.85 5.45 0.06
Total aromatics 21.24 19.52 18.08 0.41
Total iso-paraffins 31.34 22.52 26.86 73.87
Total n-paraffins 19.00 16.14 19.54 24.71
Total monocycloparaffins 22.64 30.58 26.56 0.88
Total dicycloparaffins 5.73 11.18 8.90 0.14
Total tricycloparaffins 0.05 0.05 0.06 <0.01
Total aliphatics 78.76 80.48 81.92 99.59

(Lamprecht 2007) (Table 1). There is a great deal of
interest by the U.S. Department of Defense (DoD) in
jet fuels derived from alternative energy mainly
because their use might reduce our dependence on
import of crude oil from foreign sources.

There are several toxicity studies on JP-8, JP-5,
and Jet A using rats, assessing fuel influence on
multiple physiological systems including respiratory,
cardiovascular, gastrointestinal, hepatic, renal, and
hematopoietic systems, as well as weight changes,
all of which are comprehensively summarized in a
publication entitled Toxicological Profile for JP-5,
JP-8, and Jet A Fuels, furnished by the U.S.
Department of Health and Human Services of the
Agency for Toxic Substances and Disease Registry
(Risher et al. 2017). The most recent update was
posted as March 2017, and publication can be freely
accessed online at https://www.atsdr.cdc.gov/toxpro
files/tp121.pdf. The no-observed-adverse-effect levels
(NOAELS) for JP-8 and JP-5 inhalational exposures
of 24 hr/d for 90 d in Fischer-344 (F344) rats were
determined to be at 1000 and 750 mg/m>, respec-
tively (Gaworski, MacEwen, and Vernot 1984, 1985;
Mattie, Alden, and Newell 1991; Risher et al. 2017).
Previously, a 14-d inhalational exposure of Jet A
(4 hr/d, 5 d per week) on female F344 and Sprague
Dawley rats found an NOAEL of 1980 mg/m’
(Risher et al. 2017; Sweeney, Prues, and Reboulet
2013). A 90-d inhalational FT exposure study at
6 hr/d, 5 d per week, revealed few adverse clinical
observations such as decreased weight gain and scaly
skin in the high exposure group (2000 mg/m°) that
were not dose-response related (Mattie et al. 2011b).

Studies on military and civilian personnel with
occupational exposures to jet fuels revealed that
there may be some adverse effects on the nervous

system. Reports in the late 1970s documented
cases of self-reported symptoms that included
neurasthenia, dizziness, depression, headache,
and memory impairment among personnel
chronically exposed to the European military jet
fuels MC 75 and MC 77 (Knave et al. 1976). Later
investigations also reported neurophysiological
symptoms due to JP-5 or JP-8 exposures. Two
aviators suffered from burning eyes, poor coordi-
nation, and memory deficits due to intoxication by
JP-5 fuel vapor in the cockpit (Porter 1990).
Another study noted that chronic low-level expo-
sure to JP-8 led to an increased postural sway
response suggesting effects on the vestibular and
proprioception systems (Smith et al. 1997). Tu
et al. (2004) evaluated members of the U.S. Air
National Guard for effects of jet fuel exposure and
found significant impairments in attention-based
tasks and information processing speed attributed
to chronic exposure to JP-8. Further, Proctor et al.
(2011) in an epidemiology study addressing occu-
pational repeated workday JP-8 exposure among
U.S. Air Force personnel suggested significant dif-
ferences on total recall, delayed recall, and reten-
tion tasks in a certain age group. Taking these
observations into account and widespread use of
jet fuel in a multitude of military settings, ongoing
vigilance for potential indicators of neurological
effects is necessary in protecting service members.

In order to address these concerns, a series of
animal studies that focused on jet fuel-induced ner-
vous system effects were conducted. The NOAELSs of
JP-5 and JP-8, when neurological effects were exam-
ined, were reported as 750 mg/m’ for JP-5 based
upon histology assessment of the brain and sciatic
nerve (Gaworski, MacEwen, and Vernot 1984, 1985;
Risher et al. 2017) and 1500 mg/m3 for JP-8 based
upon assessment of auditory function (Fechter et al.
2012; Risher et al. 2017). However, later investigators
found that utilizing electrophysiology on the audi-
tory system the presence of small effects of JP-8 with
a low-observed-adverse-effect level of 1000 mg/m’
was detected (Guthrie et al. 2015, 2014; Risher et al.
2017). Neurobehavioral studies performed in rats
exposed to 1000-2000 mg/m’ of JP-5 or JP-8
revealed behavioral response alterations (Baldwin
et al. 2007; Rossi, Nordholm, and Carpenter 2001).
Data indicated that there may be subtle differences of
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neurological effects between JP-5 and JP-8.
Exposures to JP-5 over a 6-week period (6 hr/d,
5 d/week) at 1200 mg/m’ produced a change only
in forelimb grip strength, whereas similar exposures
to JP-8 at 1000 mg/m’ only induced alterations in
appetitive reinforce approach sensitization (Rossi,
Nordholm, and Carpenter 2001). Baldwin et al
(2001) noted a rise in central nervous system
(CNS) excitability or spontaneous activity in the
form of increased rearing behavior and ambulation
but no marked changes in muscle tone parameter or
motor coordination following a 28-d inhalational JP-
8 exposure (1 hr/d, 5 d/week, 1236.8 mg/m’).
Neurotoxicity assessments following a 90-d inhala-
tional FT exposure in rats were previously conducted
using open field testing and functional observational
battery of tests (Mattie et al. 2011). A high concen-
tration of FT (2000 mg/m’) was associated with
reduction in motor activity (Mattie et al. 2011).
Further, biochemical assays showed significant
alterations in neurotransmitter levels, specifically
those of dopamine (DA), serotonin (5-HT), and
their metabolites (DOPAC) following JP-8 exposure
(Baldwin et al. 2007; Rossi, Nordholm, and
Carpenter 2001). DA and 5-HT are important neu-
rotransmitters that play critical roles in motor coor-
dination, mood regulation, and other cognitive
functions (Xu et al. 2012). A neurotoxicity assess-
ment in rats due to Jet A inhalational exposures was
not apparently found.

Thus far, results from the animal studies cannot
yet clearly explain or account for the neurological
symptoms observed in military personnel. The
primary objective of our study was to determine
whether jet fuel exposures induce significant
changes in cognition processes such as learning
and memory. Based upon previous reports of
adverse neurological effect in military personnel
who were occupationally exposed to jet fuel
(mainly JP-8), our initial hypothesis was that
there may be some cognitive impairment initiated
by each of the four fuels at the highest concentra-
tions. To assess cognitive function, the Morris
water maze (MWM) testing was used and spatial
learning and memory compared between control
and treated.

The hippocampus is a critical region of the
brain that has been correlated with cognition,
especially spatial learning and memory (Muller

et al. 1996; Konishi et al. 2017). Thus, our second-
ary objective was to investigate the suitability of an
electrophysiological (EP) method using hippocam-
pal slices for neurotoxicity assessments obtained
from in vivo whole animal exposures to JP-8, Jet A,
JP-5, or FT and determine whether findings might
be utilized to indicate adverse neurological effects.
The fuels selected were JP-8, JP-5, and Jet A which
are currently used by DoD and the civilian popu-
lation, whereas FT fuel is predominantly devoid of
aromatic hydrocarbons and is the only synthetic
fuel in which some adverse neurological effects
were significantly detected (Mattie et al. 2011).
Although electrophysiology techniques have been
widely used in medical research, these are rarely
employed in a neurotoxicology assessment, espe-
cially when combined together with in vivo whole
animal exposures. Electrophysiology in conjunc-
tion with in vivo jet fuel exposures was reported
thus far in studies in which only the auditory
system was addressed (Guthrie et al. 2014, 2015).
In contrast, electrophysiology in conjunction with
in vitro exposures was used in a few studies. In
vitro exposures of neuronal cells to JP-8 or Jet A
resulted in cellular impairment ability to fire
action potentials (Grant et al. 2000). However,
the cells from this neuronal cell line do not form
physiological synapses, making overall assessments
not possible. In addition, in vitro incubation with
jet fuel does not truly reflect an inhalation expo-
sure scenario.

This investigation characterized the influence of
occupational in vivo exposures (20 actual exposure
days at 5 d/week, 6 hr/d for 28 d) to increasing
concentrations of JP-8, Jet A, JP-5, or FT fuel on rat
hippocampal function using MWM behavioral test-
ing in vivo to assess the integrity of spatial learning
and memory as well as microelectrode arrays to elec-
trophysiologically assess neuronal function in vitro.

Materials and methods
Study design

The study was approved by the Wright-Patterson
Air Force Base Institution Animal Care and Use
Committee as protocol number F-WA-2014-0152.
The study was conducted in accordance with the
Guide for the Care and Use of Laboratory Animals
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(NRC 2011). Overall project was completed within
2 years, in four distinct phases. In Phase 1 through
4, exposures were performed using JP-8 (POSF
#11747), Jet A (POSF #4658), FT (POSF #5109),
or JP-5 (POSF #12804), respectively, in that precise
order. Analyses of fuel constituents were con-
ducted utilizing methods described by Striebich
et al. (2014) (Table 1). Different batches of F344
rats were purchased from Charles River
Laboratories for each study phase. Within each
phase, there were a total of four experimental
groups consisting of control (0 mg/m?), low
(200 mg/m3), medium (1000 mg/m3), and high
(2000 mg/m>) groups. Fuel exposures follow an
occupational exposure pattern, and thus, animals
were exposed for 6 hr/d, 5 d per week for a total of
28 d, assuming no unexpected base closures or
holidays, which translate into a total of 20 actual
exposure days (not counting weekends). When
there were holidays or base closures, duration
was prolonged such that there were still 20 actual
exposure days. There were 16 animals per experi-
mental group and thus there were a total of 64
animals per study phase. Ten out of 16 animals
from each experimental group were bled before
initiation of treatments and at completion of expo-
sures for cytokine analysis. In Phase 4 (JP-5),
blood was additionally collected within 24 hr
after 4 d of exposures and also at 2 weeks after
completion of exposures. Those same animals
were subjected to MWM testing within 1 week
after completion of exposures. The remaining six
rats from each experimental groups were used for
brain slice electrophysiology, within 24 hr follow-
ing completion of treatment. Animals were
7-8 weeks at the initiation of exposures. For
Phase 1 (JP-8), the average body weight of animal
at initiation of exposure was 221 + 12.7 g. For
Phase 2 (Jet A), the mean body weight at initiation
of exposure was 222 + 14.2 g. For Phase 3 (FT), the
average body weight was 217 + 13.8 g. For Phase 4
(JP-5), the mean body weight was 221 + 13.5 g.

Exposure system description

The same exposure system was employed as
described by Sterner et al. (2015). Animals were
exposed by inhalation in 1 m?® stainless steel and
glass whole body exposure chambers (H1000, Lab

Products, Inc., Seaford, DE). One chamber was
used per dose group. Each chamber held up to
three stainless steel wire mesh cages, and each
cage housed up to 16 or 24 rats (R-16 or R-24,
respectively, Lab Products, Inc., Seaford, DE). The
1 m® exposure chambers were operated at a flow
rate of approximately 225 L/min to provide at least
one complete air change in 4.4 min (13.5 air
changes per hour; minimum guideline require-
ments are 10 air changes per hour) and a T99
equilibrium time of approximately 20.5 min (T99
is the time for the concentration of test substance
in the chamber to rise from background or 0 to
99% of the equilibrium or target level). This cham-
ber size and airflow rate were considered adequate
to maintain an oxygen level that is at least 19%, the
minimum required by the guidelines. At the end of
an exposure, the chamber was operated at approxi-
mately the same, or higher, flow rate using clean
air. All animals remained in the chamber for at
least the T99 equilibrium time such that the bulk
of the test material is cleared from the chamber.
To minimize exposure to off-gassed test material,
rats in the control chamber were transferred from
the chamber to their domiciliary caging and
returned to the animal housing room in the vivar-
ium prior to removing the test material-exposed
rats from their chambers. The jet fuel-exposed rats
were held in a different animal room from con-
trols to minimize exposure of control animals to
any off-gassing from exposed. All rats were singly
housed and moved to the appropriate animal
housing rooms during non-exposure periods.

A nominal exposure concentration was calcu-
lated. The flow of air through the chamber was
monitored using appropriate, calibrated equipment.
The test substance consumed during the exposure
and total volume of air passing through the chamber
(volumetric flow rate times total exposure time) were
used to calculate nominal concentration. During the
exposure, measurements of airborne concentrations
were performed in the animal breathing zone.
Aerosol concentration was measured using a gravi-
metric filter or equivalent method. Vapor concentra-
tion was measured utilizing an appropriate sampling
procedure and analytical method (Fourier-transform
infrared  spectrophotometry,  Nicolet 380,
ThermoScientific, or equivalent). The analytical
method was developed in the pre-study trials and
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documented in the study file. Particle size distribu-
tion measurement was performed employing an
appropriate particle size instrument such as cascade
impactor (7-stage, In-Tox Products, Moriarity, NM,
or equivalent) or an optical particle size spectrometer
(Aerodynamic Particle Sizer or APS, Model 3321,
TSI, Inc., Shoreview, MN, or equivalent). The dis-
tribution of material within the chamber was
checked for uniformity prior to start of exposures.
Measurements of concentration were taken at nine
port locations under steady generation conditions.
Chamber temperature, humidity, airflow rate, and
static pressure were monitored continuously and
recorded at least three times during the exposure.
Chamber temperature and relative humidity were
maintained, to the maximum extent possible,
between 20 and 24°C and 30 and 70%, respectively.

Brain slice preparation

Brain slices were prepared as previously described
(Rohan et al. 2015). Brains were rapidly removed
following euthanasia and kept viable with ice-cold
artificial cerebrospinal fluid (ACSF) that was con-
tinuously oxygenated (95%/5% O,/CO,). ACSF
(prepared fresh daily) consisted of (in mM): 124
NaCl, 3 KCI, 1.25 KH,PO, 10 D-Glucose, 1
MgSO,, 36 NaHCO;, and 2 CaCl, (pH 7.4).
Cerebellum and approximately 1 cm of frontal
cortex were excised and remaining brain sectioned
at 350 pm thickness using a vibratome (VT1000S
Leica Microsystems, Buffalo Grove, IL) in the
transverse plane, at 20-30°, lateral from the hor-
izontal axis. Brain slices were maintained in
warmed oxygenated ACSF and allowed to recover
for at least 60 min prior to recording. Recordings
were conducted utilizing a microelectrode array
system (MED-64, Automate, Berkeley, CA) as pic-
tured in Figure 1(a). Just prior to initiation of
Phase 4 of our study (JP-5 exposures), MED-64
system was upgraded to Quad II system
(Automate, Berkeley, CA) in which four brain
slices may be simultaneously measured. One hip-
pocampal slice was placed onto the pre-coated
microelectrode array probe (Figure 1(b)), using
small weights to anchor the slices down. The
slice was positioned such that CAl and surround-
ing region were recorded, as shown in Figure 1(c).
For Jet A, FT, and JP-5 exposure studies (Phases

2-4), slices were also positioned such that the
dentate gyrus (DG) region of the hippocampus
was recorded (Figure 1(d)). Just prior to initiation
of Phase 4 (JP-5), our collaborator’s preliminary
unpublished results indicated some protein
expression changes in the cerebellum region
resulting from JP-8 exposures. Thus in Phase 4
(JP-5) of this study, EP parameters from neurons
within the cerebellum region were also recorded.
Coronal slices of the cerebellum were prepared at
350 pum thickness. The probe containing the brain
slice was then assembled with the MED64 or Quad
IT system per manufacturer’s instructions. A perfu-
sion cap was employed to circulate fresh oxyge-
nated ACSF into the probe and prevent slices from
drying. The ACSF solution and oxygen entering
the probe chamber were maintained at 32-34°C.
Flow rates were maintained at approximately 0 to
1 ml/min while ensuring a liquid-air interphase.
Sections were perfused with humidified oxygen to
prevent drying and maintain viability.

Electrophysiology

All electrophysiology data were obtained using
AlphaMed’s MED64 or Quad II systems
(Automate, Berkeley, CA) as previously described
(Rohan et al. 2015). Probes were initially pretreated
with 0.1% polyethylenimine in 25-mM borate buffer
for 12 hr prior to use. Data acquisition and stimula-
tion protocols were performed using Mobius soft-
ware (Automate, Berkeley, CA). A biphasic
stimulating current of 10-100 pA was applied to
the Schaffer collateral or the DG region of the hip-
pocampus to obtain an input/output relationship
curve. Evoked field potentials consisting of inward
and outward deflections were recorded from neu-
rons within the CA1 and DG region of the hippo-
campus at a sampling frequency of 20 kHz using a
MED64 multichannel amplifier, digitized, and gra-
phically displayed using Mobius software. Input/
output data were obtained by delivering multiple
biphasic stimuli at various intensities, ranging from
10 to 100 pA. Baseline field potentials were set
between 50 and 60% of maximum amplitude for
each slice. Paired pulse facilitation (PPF) and paired
pulse depression (PPD) were obtained by delivering
three sets of two consecutive stimuli of equal inten-
sity that were 40 msec apart. Degrees of PPF and
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Figure 1. Alphamed’s microelectrode array system (MED-64). (a, b) Picture of our microelectrode array system setup, consisting of 64
microelectrodes arranged in 8 x 8 array. Each microelectrode is 50 pm in width and microelectrode inter-distance is 150 pm. (c)
Image showing the positioning of our hippocampal slices when we are stimulating the Schaffer collateral and measuring from the
CA1 neurons. (d) Image showing the positioning of our hippocampal slices when we are stimulating the perforant path and
measuring from the granule cells as well as other neurons within the dentate gyrus region. (c,d) Dotted rectangular box indicates the
typical area that is being recorded, whereas the solid rectangular box indicates the typical position where stimulation occurs.

PPD were quantified by calculating the paired pulse
(PP) ratio in which the response amplitude from the
second stimulating pulse was divided by the
response amplitude from the first pulse. Thus, a
PP ratio of >1 indicates PPF, whereas a PP ratio of
<1 indicates PPD. Spontaneous spiking activity of
neurons within the CAl and surrounding regions
was recorded for 5 min, and frequency of firing was
calculated using the Mobius software.

Data analysis of electrophysiology data

Amplitudes of evoked field potentials were calculated
using Mobius software (Automate, Berkeley, CA).
Quantitation of PPF and PPD was obtained by divid-
ing the amplitude of the field potential response due
to the second stimulus by the amplitude of the
response due to the first stimulus to obtain the PP
ratio. Data from multiple MED64 microelectrodes
within the CAL1 region of a hippocampal slice were
averaged together to obtain the response from that
particular slice. Typically, one or two hippocampal
slices per rat were used and # values are indicated as

number of rats. In cases in which there is more than
one slice utilized per animal, data from multiple slices
were averaged together and used for that animal. In
Phase 4, the MED64 system was upgraded to Quad II
system, in which one may perform four brain slices
simultaneously. ~Spontaneous spike data were
acquired using a high-pass filter with a cutoff fre-
quency of 100 Hz and analyzed using an additional
Bessel low-pass (9 pole) filter with a cutoff frequency
of 5000 Hz. Spike detection was set to a value (15-
25 V) that is sufficiently larger than baseline noise.

Behavioral tests

Morris water maze

A protocol based upon Vorhees and Williams
(2006) was employed to assess spatial learning
and memory using the MWM swim test. The
MWM is a neurobehavioral test used to evaluate
visuospatial learning, spatial navigation, and short-
term as well as long-term spatial memory in
rodents (Jia et al. 2017). The task involves sophis-
ticated processes for acquisition and spatial
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localization of relevant visual cues that need to be
retained and then later retrieved during subse-
quent trials. An animal was placed into a cylind-
rical dark plastic tank 7 ft in diameter filled with
water maintained at approximately 26°C. A 10-
cm” escape platform sufficient for the animal to
stand on was anchored to the floor of the tank, but
submerged 1 inch below the surface of the water.
Four virtual quadrants were created inside of the
tank using the SMART tracking software from San
Diego Instruments. The outside of the tank con-
tained four large distinct shapes to serve as visual
cues for location of the hidden platform. The
animal was initially placed, tail end first, facing
the wall of the tank, in one of four external cue-
based quadrants. Rats were allowed to swim until
reaching the escape platform or the computer
timed out at 60 sec. Once the animal found the
platform and was standing on it, the rat was given
approximately 15 sec to familiarize itself with its
location. The animal was then removed from the
tank and dried with a towel. Rats were trained four
trials/d with a resting period between trials.
Training occurred over a 6-d period for a total of
24 trials. If a rat did not locate and stand on the
platform within 60 sec, it was led to the platform,
allowed approximately 15 sec to familiarize its
location on the platform, removed from the
water, and dried with a towel. Rats were immedi-
ately removed from the water if nares became
submerged for >3 sec. The probe trial occurred
approximately 24-48 hr after the last training
run. To assess long-term retention, another probe
trial took place approximately 7 d from the pre-
vious probe trial. During probe trials, the platform
was removed and the animal was placed in a novel
start location diagonally across from the platform
quadrant. Rats had 60 sec to identify and reach the
area where the platform was previously located.
Several parameters such as latency to platform,
swimming distance, time in target quadrant, and
mean distance from goal were recorded automati-
cally using a San Diego Instruments SMART
tracking system and software.

Measurement of plasma cytokine levels

Approximately 100 pl blood was collected from the
lateral tail vein of rats prior to initiation of exposure

and within 24 hr following the last day of exposure.
The following nine pro-inflammatory cytokines were
determined using the Meso Scale Discovery (MSD)
multiplex kit and the Sector Imager 2400 instrument:
IFN-y (interferon gamma), IL-1f (interleukin 1f), IL-
4 (interleukin 4), IL-5 (interleukin 5), IL-6 (interleu-
kin 6), IL-10 (interleukin 10), IL-13 (interleukin 13),
KC/GRO (keratinocyte chemoattractant/ human
growth-regulated oncogene chemokines), and TNF-
a (tumor necrosis factor alpha). Cytokine levels were
measured before and after the 28-d occupational
exposure. Normalized data were calculated as the
cytokine level (pg/ml) after last day of exposure
divided by concentration before the first day of expo-
sure. In Phase 4 (JP-5 exposure), blood was collected
at baseline, following the 4th day of treatment, and
within 24 hr as well as 2 weeks after completion of
exposures.

Statistical evaluation of data

Statistical analyses of EP and neurobehavioral data
were performed using SigmaPlot (v12.3 & v13.0)
and Microsoft Excel 2010. Viability of brain slices
was assessed by the stability of evoked responses.
Only brain slices that exhibited stable field poten-
tials in response to a constant stimulation over a
30 min period were used. This 230 min recording
was referred to as our baseline recording. To assess
stability, the coefficient of variation (standard
deviation/mean) was calculated during the last
10 min of baseline recording. Brains slices that
exhibited a coefficient of variation of >10% during
the last 10 min of baseline recording were omitted
from data analysis. A one-way analysis of variance
(ANOVA) was employed to assess statistical sig-
nificance of body weight, spontaneous spiking
activity, and behavioral data. In some instances,
in which data failed the normality test, the non-
parametric equivalent of one-way ANOVA
(Kruskal-Wallis) was also utilized to assess statis-
tical significance. Additional appropriate post-hoc
tests such as Holm-Sidak and Dunn’s were used to
determine statistical significance between groups.
Input/output and PP data were analyzed using
two-way ANOVA with different stimulation inten-
sities as one factor and experimental group as the
second factor.
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Results thus, the 5th-week measurements are illustrated
in Figure 2(a). Control rats gained approximately
37% from the week before treatment to the week
Animal body weights were monitored on a weekly  of last exposure (5th week). Rats exposed to the
basis. Body weight data before, during, and after =~ low concentration of JP-8 gained approximately
JP-8, Jet A, JP-5, or FT exposures revealed signifi-  39%. Those exposed to the medium concentration
cant reduction in weight gain in the high- and/or  gained approximately 37% and those exposed to
medium-dosed groups compared to either the low  the high concentration gained approximately 35%.
group (JP-8) or control (Jet A, FT, and JP-5) Data indicated a significant difference between low
(Figure 2). This is consistent with earlier studies  and high exposure groups. There were no signifi-
that demonstrated reductions in animal weight cant changes in weight gain in rats during the first
gains due to repeated exposures to JP-8 and/or 4 weeks of JP-8 exposures. For the remaining three
Jet A (Mattie and Sterner 2011a; Sweeney, Prues,  fuel exposures (Jet A, JP-5, and FT), the 20 actual
and Reboulet 2013). Because of Federal Holidays  exposure days spanned a 28-d period (Figure 2(b-
and unexpected military base closures due to  d)). For the Jet A study, significant alterations
weather, JP-8 exposures consisted of 20 actual were observed beginning from week 2 in rats
exposure days spanning a period of 4.5 weeks;  exposed to medium and high concentrations of

Effects on body weight gain
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Figure 2. Differential effects of repeated jet fuel exposures on animal weights. (a) During the last week of exposure, there was a
small but significant decrease in the weight gain from rats in the high (white bar) JP-8 exposure group compared to the low group
(gray bar) (*P < 0.01 one-way ANOVA and Holm-Sidak, n = 10 rats). A significant difference was observed between the high (white
bar) and control (black bar) group when the two-tailed, unpaired t-test was used (P = 0.04, t-test, n = 10 rats). Weight gain was
calculated as the percent change from pre-exposure weight. (b) Statistically significant reduction in weight gain was observed in rats
in the medium (patterned bar) and high (white bar) exposure groups compared to the control and low groups beginning from the
2nd week until the last week of Jet A exposure (*P < 0.05 ANOVA, Holm-Sidak, n = 10 rats). (c) A more pronounced reduction in
weight gain was observed in rats in the high (white bar) exposure group just 1 week following exposures to FT (*P < 0.05 ANOVA,
Holm-Sidak, n = 10 rats). (d) Statistically significant reduction in weight gain was observed in rats in the high (white bar) exposure
group compared to the control (black bar) group beginning from the 2nd week until the last week of JP-5 exposure (*P < 0.05
ANOVA, Holm-Sidak, n = 10 rats). Data are represented as mean + standard error (SEM).
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Jet A compared to control. Control rats gained
26% from the week before exposure to the week
of last exposure (4th week). Rats exposed to the
low concentration of Jet A gained 25%, while those
exposed to the medium concentration gained 22%
and those exposed to the high concentration
gained 22%. Significant differences among the
medium and high were noted compared to either
control or low exposure groups. For the FT study,
significant changes were observed beginning from
the first week of treatment in rats exposed to the
highest concentration of FT compared to control,
low, and medium. Control rats gained 24% from
the week before exposure to the week of last expo-
sure (4th week). Animals in the low FT concentra-
tion gained 22% and those in medium gained 22%,
while high concentration only gained 12%.
Significant differences among high group com-
pared to control, low, or medium groups were
found. For JP-5 study, 20 exposure days also
spanned a 4-week period (Figure 2(d)).
Significant alterations were observed beginning
from the 2nd week of exposure in rats exposed
to high concentration of JP-5. Control rats gained
23% from the week before exposure to the week of
last exposure (4th week). Animals exposed to low
concentration of JP-5 gained 23%, medium gained
24%, and high gained 20%. Significant differences
between high compared to control, low, or med-
ium groups were found.

Effects on input/output relationship of
hippocampal neurons

Neurotransmission properties were characterized
by measuring field potentials from the CA1 when
the Schaffer collateral was stimulated by biphasic
current pulses of varying intensities (10-100 pA).
Stimulation of the Schaffer collateral induced
mainly glutamatergic synapses, reported as inward
field potentials. For JP-8 and Jet A, a stimulating
current at the Schaffer collateral region ranging
from 10 to 100 pA was applied, and no significant
effect on size and shapes of inward-deflecting field
potentials of neurons was noted in the CA1 region
of the hippocampus (Figure 3(a,b)). However, sig-
nificant reductions in the amplitude of the field
potentials in the hippocampus from rats exposed
to high concentration of FT compared to control

were detected at the 80 pA stimulation intensity.
For JP-5, significant differences between all
exposed groups (low, medium, and high) and con-
trol were found. A significant difference between
high and control group occurred at 70-100 pA
stimulation intensities. Significant differences
were also observed between low and control as
well as between medium and control at
60-100 pA stimulation intensities.

For Jet A, FT, and JP-5, neurotransmission
properties were also characterized by measuring
field potentials from the DG regions of the hippo-
campus when the perforant path was stimulated by
biphasic current pulses of varying intensities (10-
100 pA). There were no marked differences noted
in amplitudes of inward field responses from neu-
rons within the DG region from rats exposed to Jet
A, FT, or JP-5 (data not shown).

Effects on short-term plasticity

PPF is the facilitation of response during two con-
secutive stimuli (paired stimuli) delivered within
tens of milliseconds apart. PPF is believed to result
from build-up of calcium ions due to two stimulating
pulses delivered within the short inter-pulse dura-
tion (Katz and Miledi 1968; Wu and Saggau 1994).
PPD is the depression of response during two con-
secutive stimuli (paired stimuli). One proposed
cause of PPD is depletion of neurotransmitter-con-
taining vesicles that are in the readily releasable pool
or events leading to reduced probability of neuro-
transmitter release (Zucker and Regehr 2002).
Although numerous findings indicate that PP plas-
ticity originates from changes in the presynaptic cell,
there are also some data suggesting that postsynaptic
receptor desensitization of postsynaptic receptors
may also play a role (Zucker and Regehr 2002). It is
possible that these multiple mechanisms are utilized
by distinct synapses.

PPF and PPD were measured as a ratio of response
amplitude from the 2nd stimulus to the response
amplitude from the 1st stimulus (pre-pulse ratio or
PP ratio). A reduction in PP ratio measurements was
seen in DG region from rats exposed to Jet A (Figure 4
(a,b,c)). Mean PP ratio measured from the DG region
of controls was 1.4 * 0.08 was significant from average
PP ratio of rats exposed to the highest concentration of
Jet A was 0.9 + 0.05 when 30 pA was used as the PP
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Figure 3. Differential effects of repeated jet fuel exposure on the input/output relationship of hippocampal neurons. In all panels
shown, black circle denotes control, white square denotes the low exposure group, the blue downward triangle denotes the medium
exposure group, and the red upside triangle denotes the high exposure group. (a,b) There was no significant change in the field
responses of neurons within the CA1 region when exposed to JP-8 (a) or Jet A (b) at stimulating intensities of 10-100 pA. (c) There
was a small but statistically significant effect on the field response of neurons within the CA1 region of rats exposed to FT (P < 0.001,
two-way ANOVA, n = 6 rats). *Holm-Sidak post-hoc comparison indicated a significant difference (*P < 0.05) between the high
concentration group compared to the control group when stimulated at 80 pA. Sample traces of field potentials in response to
multiple stimulating intensities are shown in ¢, inset. (d) There was a statistically significant effect on the field response of neurons
within the CA1 region of rats exposed to JP-5 (p < 0.001, two-way ANOVA, n = 6 rats). *Holm-Sidak post-hoc comparison revealed
statistically significant differences (*P < 0.05) between the low or medium group and control at 60-100 pA stimulations and

between the high group and control at 70-100 pA. Data are represented as mean + SEM.

stimulation intensity (Figure 4(c)). However, there
were no marked differences in PP ratio of DG neurons
from rats exposed to FT or JP-5 (data not shown). The
DG region was not examined for JP-8. There was a
numerical decrease in PP ratio measurements from
neurons within the CA1 region from rats exposed to
high concentration of FT (Figure 4(d)). There was no
marked alteration in PP ratio of postsynaptic poten-
tials in CA1 region of the hippocampus resulting from
JP-8, Jet A, or JP-5 exposures (data not shown).

Effects on spontaneous spiking frequency

Spontaneous spiking activities of CA1 neurons were
recorded for 5 min. There was a large variation in
frequency of spontaneous activities among animals.
Representative samples of spontaneous spiking

traces and extracted spikes are shown in Figure 5
(a—d). Because all spontaneous spiking data from
both CA1 and DG regions did not pass the normal-
ity test, non-parametric assessments were also con-
ducted. There was a no significant change in the
frequency of spontaneous activity of neurons within
the CAl region from rats exposed to high concen-
tration of Jet A, FT, JP-5, but not JP-8 (Figure 5(e)).
However, due to the large variability across animals,
the observed numerical fall was not significant
(Figure 5(e)). For Jet A, FT, and JP-5, the frequency
of spontaneous activities of neurons was also deter-
mined within the DG region from control, low, and
high groups only. A significant reduction in fre-
quency of spontaneous activity of DG neurons
from rats exposed to high JP-5 levels as assessed
was detected (Figure 5(f)). However, when the non-
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Figure 4. Differential effects of jet fuel on responses to paired pulse stimulations. (a) Sample field response when stimulated by a
paired pulse paradigm (at 30 pA intensity with an interpulse interval of 40 ms) from a control rat and a rat following exposures to
high Jet A concentration. Paired pulse ratio (PP ratio) was calculated by dividing the amplitude of the field potential due to 2nd
stimulus (V,) by the amplitude of field potential due to the 1st stimulus (V;). Scale bar: 0.2 mV, 20 ms. Stimulus intensities were 30,
40, and 50 pA for the Jet A study, 20, 30, 40, and 50 YA for the FT study and 10-100 pA for the JP-5 study. All probes exhibiting
response greater than 50 UV were averaged together to obtain a paired pulse value for that slice. (b) There was a small but
significant changes (P < 0.001, two-way ANOVA, n = 6 rats) in response to paired pulse stimulation of neurons within the
hippocampal dentate gyrus region from rats treated with high doses of Jet A (*P = 0.005, Holm-Sidak post-hoc comparison).
Black circle denotes control, white square denotes the low exposure group, the blue downward triangle denotes the medium
exposure group, and the red upside triangle denotes the high exposure group. (c) Bar graph of PP ratio data from Jet A rats at 30 pA
stimulation intensity. One-way ANOVA analysis and Holm-Sidak comparison revealed significant difference between the control and
high group (P < 0.05, n = 5 rats). (d) There was a decreasing trend in PP ratio from neurons within the CA1 region of rats exposed to
the high concentration of FT. Decrease was not statistically significant as assessed by one-way ANOVA and Kruskal-Wallis analysis
(P =0.212 and 0.08 respectively, n = 6 rats). Data are represented as mean + SEM.

parametric Kruskal-Wallis analysis was used, there  Influence of jet fuel on learning and memory
was a significant fall in spontaneous spiking activity
of DG neurons in animals exposed to the high
concentration of not only JP-5 but also FT
(Figure 5(f)). For JP-5, the frequency of sponta-
neous activity of neurons within the cerebellum
was also measured and calculated. Rationale for
the cerebellum recordings was based upon our col-
laborator’s unpublished results, which demon-
strated some protein expression alterations in the
cerebellar region. Although there was a numerical
reduction in mean frequency in rats exposed to
high JP-5 levels, there was no marked difference
between control and dosed groups (Figure 5(g)).

The influence of repeated in vivo exposures to jet
fuel (JP-8, Jet A, FT, or JP-5) on spatial learning
and memory was assessed using the MWM assay
to test learning and memory. Multiple parameters
including average latency (sec), total distance tra-
veled (cm), and average distance to target (cm)
were used to quantitate and compare learning
and memory capacity. No significant changes in
spatial learning and memory resulting from
repeated exposures to JP-8, Jet A, or JP-5 were
found (data not shown). However, in rats
exposed to high concentration of FT, there were
significant alterations in the learning parameters
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Figure 5. Effects of jet fuel on frequency of spontaneous spikes. (a,c) Representative spiking activity from a control rat (a) and rat
exposed to high FT (c). (b,d) Representative extracted spikes from a control rat (b) and a rat exposed to high FT (d). (e) Average of
maximum frequency from probes within the CA1 region across slices exhibiting spikes within a 10-min recording window. There was
a trending decrease in spiking frequency from rats exposed to the highest concentration of Jet A, FT, and JP-5, but changes were not
statistically significant (P > 0.05, one-way ANOVA and Kruskal-Wallis). (f) Average of maximum frequency from probes within the DG
region across slices exhibiting spikes within a 10-min recording window. There was no significant change in spontaneous spiking
activity of neurons within the dentate gyrus region of hippocampus from rats exposed to high concentrations of FT when one-way
ANOVA was used (P = 0.209). However, when the non-parametric Kruskal-Wallis was used, there was a significant decrease in
spontaneous spiking activity frequency between the high and control groups (P < 0.05, n = 6 rats). There was a significant decrease
in spontaneous spiking activity of neurons within the dentate gyrus region of the hippocampus from rats exposed to the highest
concentration of JP-5 (*P < 0.05, one-way ANOVA/Holm-Sidak and Kruskal-Wallis/Dunn’s, n = 6 rats). (g) There was a slight trending
decrease in the spontaneous spiking activity of cerebellar neurons from rats exposed to the highest concentration of JP-5, but
change was not statistically significant. Data are represented as mean + SEM.

compared to control, low, or medium (Figure 6).
Significant differences were observed on learning
day 4 and learning day 6. Latency to target mea-
sures in second is one way to quantitate learning.
Day 4 latency data did not pass the normality test.
There was a significant difference in latency to
target data among experimental groups on the
4th learning day when the non-parametric
Kruskal-Wallis testing was used. Post-hoc com-
parison analysis using Dunn’s method revealed
significant differences between controls which
took an average of 16 sec to reach the target
platform (latency to target) and rats in the high
group which took an average of 27 sec to reach
the target platform (Figure 6(a)). If parametric

analysis was used (one-way ANOVA), day 4 did
not yield a significant difference in the latency
data. On the 6th learning day, controls took an
average of 8.5 sec, whereas animals in the high
concentration exposure group took an average of
16 sec to reach the target platform. Day 6 latency
data passed the normality test, and one-way
ANOVA vyielded significant differences among
the groups (Figure 6(a)). The total swimming
distance traveled is another parameter by which
one can estimate learning. Similar to day 4
latency data, day 4 distance data also failed nor-
mality test. However, Kruskal-Wallis analysis
revealed significant difference among experimen-
tal groups (Figure 6(b)). Multiple comparison
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Figure 6. Rats exposed to the high concentration of FT displayed impaired spatial learning parameters in Morris water maze task.
There was no change observed with JP-8, Jet A, or JP-5 exposures (not shown). Learning was achieved in 6 d. The first probe test
was conducted 24 hr following the last learning day (probe1) to assess memory. The second probe test was conducted 7 d following
the last learning day (probe2) to assess memory retention. (a) Average latency data during the learning phase (day 1-day 6) from
control rats and rats exposed to FT. There was a statistically significant increase in the average latency to target in the high (red)
exposure group compared to the control (black) group during day 6 of training (*P < 0.05, one-way ANOVA and Holm-Sidak post-
hoc comparison, n = 10 rats). Kruskal-Wallis analysis of day 4 with Dunn’s post-hoc comparison also revealed statistically significant
difference between the high and control group (P = 0.002). (b) Average swimming distance data during the learning phase (day 1-
day 6) from control rats and rats exposed to FT. There was a statistically significant increase in the average swimming distance in the
high (red) exposure group compared to the control (black) group during day 4 and day 6 of training (*P < 0.05, one-way ANOVA and
Holm-Sidak post-hoc comparison, n = 10 rats). (c) No changes were observed in the average swim speed among control and
exposed rats. (d) Average distance to target (cm) during probe 1 (black, 48 hr) and probe 2 (red, 7 d) from control rats (‘C') and rats
exposed to FT (L = low group; M = medium group; H = high group). There was a statistically significant increase in the average
distance from target in the high exposure group compared to the low and medium exposure group during the probe test at 24 hr
(probeT, black) (P < 0.05, one-way ANOVA and Holm-Sidak post-hoc comparison, n = 10 rats). There was no statistical difference in
the result from the second probe test (red) given 1 week after training. Data are represented as mean + SEM.

analysis using Dunn’s method showed a signifi-  experimental groups was found assessed by one-
cant difference between high and controls. way ANOVA (Figure 6(d)). Post-hoc comparison
Parametric analysis of day 4 distance data also  test using the Holm-Sidak method revealed that
noted significant change between high and con-  the high group was significantly different than
trol. Similar to the day 6 latency data, day 6 low and medium. There were no marked differ-
distance values passed the normality test. One-  ences among all groups during the probe tests
way ANOVA detected significant difference  administered 7 d later.

among groups (Figure 6(b)). Multiple compari-
son analysis using the Holm-Sidak method noted
significant difference between high and control
and low and medium groups. However, swim
speed remained similar in all experimental groups =~ Measurements of plasma levels of inflammatory
during day 4 and day 6 (Figure 6(c)). During the = cytokines (IFN-y, IL-1B, IL-4, IL-5, IL-6, KC/
24-hr probe test, a significant difference among  GRO, IL-10, IL-13, and TNF-a) did not yield any

Effects on systemic inflammatory cytokine levels
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Table 2. Summary Table. Differential Effects of Three Jet Fuels Measured Using EP Methods and Behavioral Assays

JP-8 Jet A FT JP-5
EP input/output relationship
Hippocampus (CA1) NS NS L (P <0.05) L (P <0.05)
Hippocampus (DG) Not tested NS NS NS
Cerebellum Not tested Not tested Not tested NS
EP paired pulse facilitation
Hippocampus (CA1) NS NS 1 Trend NS
Hippocampus (DG) Not tested I (P < 0.05) NS NS
Cerebellum Not tested Not tested Not tested NS
EP spontaneous spiking activity
CA1 NS I Trend 1 Trend 1 Trend
DG Not tested Not tested 1 Trend L (P <0.05)
Cerebellum Not tested Not tested Not tested 1 Trend
Behavioral testing:
Morris water maze NS NS t Latency, distance (P < 0.05) NS

significant effect resulting from occupational expo-
sures to JP-8, Jet A, FT, or JP-5 (data not shown).

Discussion

JP-8 has been used widely across the DoD. JP-5 is
a similar fuel developed for use by the Navy, but
with a higher flash point requirement, due to Navy
operations in smaller or confined areas (e.g., air-
craft carriers). Jet A has historically been more
prevalent in civilian/commercial aviation, but is
also used by the DoD. The chemical compositions
of JP-8, JP-5, and Jet A are similar consisting of
mostly aliphatic and aromatic hydrocarbons
(Table 1). Neurotoxicity attributed to JP-8 and
JP-5 was previously reported in animal models
but mainly centered on behavioral observations
and neurotransmitter changes (Rossi, Nordholm,
and Carpenter 2001). OELs were established
(Mattie and Sterner 2011), and all studies thus
far reported no toxic effects below, at, and even
higher than the OEL of 200 mg/m>. FT jet fuel is a
synthetic organic mixture produced using the FT
process using carbon monoxide and hydrogen
from natural gas, coal, or biological feedstock
(Mattie et al. 2011). Unlike JP-8, JP-5, or Jet A,
which consists of a mixture of aliphatic and aro-
matic hydrocarbons, FT jet fuel contains predomi-
nantly aliphatic hydrocarbons.

In vivo whole animal exposures with neurobeha-
vioral assessments were combined with in vitro
electrophysiology in an effort to characterize poten-
tial targets within the hippocampus that may be
susceptible to the jet fuel effects. Excessive concen-
trations of jet fuel were intentionally used to focus

on the neurotoxicity potential of accidental or high
exposures. A summary of our data is provided in
Table 2. Our findings demonstrated that in vivo
exposures to high JP-8, Jet A, JP-5, or FT levels
induced distinct effects on EP signaling in hippo-
campal neurons. Although there were significant
differences among some groups, those differences
were not dose-dependent and not consistent across
similar fuels (JP-8, Jet A, or JP-5). Thus, these
differences may be attributed to physiological varia-
tion among different animals and may pose as false
positives, especially since assessments included
many end points (body weight, four EP parameters,
four MWM outcomes, and nine inflammatory cyto-
kines). Further, no apparent cognitive changes were
observed during exposures to high JP-8, Jet A, or
JP-5 levels. Only rats exposed to high concentra-
tions of FT were found to exhibit learning and
memory impairments in the MWM test. Thus,
data suggest that those EP alterations may not
directly correlate with cognitive impairment. The
only possible correlation with spatial learning and
memory that might be investigated further is short-
term plasticity PPF data specifically from neurons
within the hippocampal CA1l region since rats
exposed to the highest concentration of FT dis-
played impaired learning parameters.

Body weight gain due to high jet fuel exposures

Exposures of male F344 rats to jet fuel induced
significant reduction in weight gain. With JP-8,
the group exposed to the high concentration
exhibited significantly less weight gain compared
to the low. The significant change between high
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and the low treatment groups was first observed
during the second week of exposure. With Jet A,
both groups exposed to medium and high levels
displayed significantly less % weight gain com-
pared to control. Similar to JP-8, this significant
alteration in weight gain was found as early as the
second week of exposure, consistent with an ear-
lier Jet A study (Sweeney, Prues, and Reboulet
2013). Rats exposed to the high concentration of
JP-5 showed a reduction in weight gain compared
to control also from the second week of fuel
exposures similar to Jet A. A more pronounced
fall in weight gain % was observed in rats exposed
to high FT levels beginning as early as one week
after treatment. Our data pertaining to weight are
consistent with previous findings also demon-
strating decreased weight gain with exposure to
high levels of jet fuel (Mattie, Alden, and Newell
1991; Mattie and Sterner 2011a; Sweeney, Prues,
and Reboulet 2013). According to these investi-
gators, there were minute systemic effects seen in
subchronic (90 d) exposures to JP-8 (Mattie,
Alden, and Newell 1991; Mattie and Sterner
2011a), FP (Mattie et al. 2011), or 14-d to Jet A
(Sweeney, Prues, and Reboulet 2013). The inves-
tigators further noted that the documented small
systemic changes were unlikely to manifest in a
toxicological effect that manifested as reduced
animal weight gain. It was suggested that the
decreased weight in exposed rats is more likely
attributed to diminished appetite, perhaps due to
the after-taste induced by excessive jet fuel levels.
It is interesting that the high concentration of FT
(2000 mg/ m?) induced a more severe reduction in
weight gain compared to JP-8, Jet A, or JP-5.
However, unlike Jet A, where effects were also
detected with the medium concentration
(1000 mg/m’), FT effect on weight gain, albeit
more pronounced, was only found at the highest
concentration. FT, in general, is believed to be
less toxic than JP-8, Jet A, or JP-5 (Lamprecht
2007). This is consistent with our data in that
animals exposed to low and medium doses of
FT did not show any marked fall in weight gain.
However, there appears to be a threshold FT
concentration between 1000 and 2000 mg/m’
that produced a greater effect on weight gain
compared to other jet fuels. It is not possible at
this time to reconcile why a high concentration of

FT would produce a greater influence on weight
gain compared to other jet fuels. One speculation
is that high concentration of FT may provoke a
greater loss in appetite.

Differential effects on EP and learning
parameters due to distinct jet fuel types

Input/output responses

Exposure to high concentrations of jet fuel was
found to induce perturbations in the input/output
relationship curves of neurons within the CAl
region. Repeated FT or JP-5 exposures triggered
some changes in the inward field potentials of the
CAl region. Interestingly, no significant changes
in the size of evoked responses were detected from
rats exposed to JP-8 or Jet A. One possibility is
that reductions in evoked field potentials due to
JP-5 and FT might result from exposure-mediated
alterations in neurotransmitter levels in the hippo-
campus. Rossi, Nordholm, and Carpenter (2001)
indicated that there might be differential effects on
neurotransmitter levels in the hippocampus region
initiated by exposure to JP-5 or JP-8. Significant
increase in DA and DA metabolite (DOPACQC)
levels and a fall in a catecholamine metabolite
(homovanillic acid) in the hippocampus occurred
following after repeated exposures (6 weeks,
1200 mg/m>) to JP-5. These changes in DA and
DOPAC levels were only observed in the hippo-
campus of rats exposed to JP-5 and not those
exposed to JP-8 (Rossi, Nordholm, and Carpenter
2001), although Baldwin et al. (2007) demon-
strated elevated DOPAC levels in the hippocam-
pus of rats exposed to JP-8 (4 weeks, 1774 mg/m®).
Since neurotransmitter levels might directly dictate
the size of evoked synaptic responses, the change
in evoked field potentials might be due to altera-
tions in levels of neurotransmitter(s) within the
hippocampus. Future studies that measure levels
of other neurotransmitters such as glutamate and
gamma-aminobutyric acid (GABA) may be useful
in determining the underlying mechanism of JP-5
or FT effects on neurotransmission. However,
similar EP changes were not found in rats exposed
JP-8 or Jet A, suggesting that observed differences
in the input/output relationship plots might also
be due to random physiological processes that may
not be exposure dependent.
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Learning and memory and synaptic plasticity
Only exposure to FT at high quantities induced
significant changes in spatial learning parameters
as assessed by the MWM test. No marked effects
on spatial learning and memory were observed with
JP-8 or JP-5 exposures, consistent with previous
findings (Baldwin et al. 2001; Rossi, Nordholm,
and Carpenter 2001). No marked alterations in
learning and memory parameters were detected
after Jet A. There were no apparent published data
that used MWM testing to assess learning and
memory in rats following Jet A or FT treatment.
With exposure to high concentration of FT, rats
showed some impairment in learning as measured
by latency to target and total distance travelled on
the 4th and 6th day of learning without any marked
effects on swim speed (Figure 6(a-c)). Thus,
increased latency and total distance are not likely
due to effects on motor function since swim speeds
across experimental groups are similar. During the
first probe test conducted at 24 hr following the last
(6th) learning day, there appears to be a memory
impairment in highest group rats exposed.
However, significance was achieved only between
high and low group. By the 7th day, memories of
rats across experimental groups were similar.
Long-term potentiation (LTP) was also deter-
mined to assess whether jet fuel exposure induced
changes in long-term synaptic plasticity. There were
no significant changes in hippocampal LTP of the
Schaffer collateral-CA1l synapse in rats exposed to
JP-8, Jet A, JP-5, or FT (data not shown). Thus,
impaired performance on the MWM test in rats
exposed to high FT levels (2000 mg/m’) did not
correlate with diminished CA1 LTP. The lack of
correlation between EP and behavioral data may be
attributed to the discrepancy in the time between EP
recordings, which occurred within 24 hr after expo-
sures and behavioral testing, which was conducted
1 week following exposures. However, there was a
decreasing trend in PPF of CAl neurons from rats
exposed to high FT levels but not other fuel types,
although the fall was not significant (Figure 4(d)).
PPF is a form of short-term plasticity and might also
play a role in learning and memory. Key molecular
players in hippocampal PPF are presynaptic proteins
that regulate release of neurotransmitters such as
calmodulin kinase I (CaMKII) and synapsin (Silva
et al. 1996). Mutation or removal of these proteins

was found to diminish PPF and impair learning and
memory without necessarily affecting LTP. Further,
mice lacking ataxin-1, a DNA-binding protein whose
mutation produces loss of cerebellar neurons, also
exhibited impaired learning with decreased CA1 PPF
albeit unaffected LTP (Matilla et al. 1998).

In contrast, PPF alterations within the DG region
did not appear to directly correlate with learning and
memory, since rats exposed to the highest Jet A level
exhibited significant PPF changes in the DG without
any performance impairment in the MWM test.
Similar to input/output responses, although some
effects were noted, these were not consistent which
thus cannot rule out the possibility that the observed
changes might be due to random physiological varia-
bility not related to exposures.

Spontaneous spiking activity

Although there was some reduction in frequency
of spontaneous spiking firing in neurons within
the CA1 region in rats exposed to Jet A, FT, and
JP-5, these were not marked likely due to the
large variability across different animals in the
same experimental group. Significance was
achieved in spiking frequency of hippocampal
neurons within the DG region of animals
exposed to the highest concentration of JP-5. A
diminished spiking rate of hippocampal neurons
was previously reported in response to com-
pounds with anticonvulsive effects, including
carbamazepine, valproate, and, more recently,
platelet-activating factor receptor antagonists
(Colombi et al. 2013; Musto et al. 2016).
Although postsynaptic proteins might modulate
spiking frequency, presynaptic proteins also play
a role since compounds that block neurotrans-
mitter release, such as botulinum toxin, also
inhibit spiking activity of pyramidal neurons
(Bozzi et al. 2006). Since marked alterations in
frequency of spontaneous activity were not
detected in rats exposed to the other fuels, it is
conceivable that these observed changes may be
associated with random physiological variations
among different animals.

Effects on inflammation

Early studies indicated that exposures to JP-5, JP-
8, or FT produced inflammatory effects on the
immune system (Nordholm 1999; Mattie et al.
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2011). Thus, plasma levels of inflammatory cyto-
kines were determined to assess influence of jet
fuel on inflammation. Plasma levels of nine
inflammatory cytokines (IFN-y, IL-1f, IL-4, IL-5,
IL-6, KC/GRO, IL-10, IL-13, and TNF-a) were
examined using the MSD multiplex kit and the
Sector Imager 2400 instrument (MSD, Rockville,
MD) before and after exposures to JP-8, Jet A, or
FT. In the case of JP-5, cytokine levels were mea-
sured at four time points (before, after 4 exposure
days, after completion of exposures, and 2 weeks
after completion of exposures). There were no
significant differences in cytokine levels between
control and exposure groups in all fuels tested
(data not shown).

Summary

Previous animal studies on jet fuel toxicity
showed few adverse effects that were somewhat
inconsistent. Our data demonstrated that EP
recordings of brain slices, following in vivo ani-
mal exposures to high concentrations of jet fuels,
may potentially mediate abnormalities in neuro-
transmission properties. However, it remains
unclear as to whether the observed changes were
indeed the results of direct or indirect effects due
to systemic alterations attributed to jet fuel expo-
sures or whether these might be related to other
physiological processes. The lack of correlation
between EP findings and behavioral performance
might be attributed to the fact that EP recordings
were conducted within 24 hr after exposures,
whereas MWM testing was performed within
1 week after treatment. The noted EP changes
observed may be transient in nature, did not
persist, and manifested in a behavioral deficit.
Alternatively, it may take longer than 1 week for
EP changes to manifest in a behavioral deficit,
although unlikely based upon previous findings.
Further investigations are needed to determine
whether changes in EP measurements may be
used as an early indicator of cognitive effects.
Efforts have commenced in the development of
a correlation matrix between EP and behavioral
performance parameters, such that one can cal-
culate % change needed from a recorded EP
parameter (i.e., PPF or spontaneous spiking firing
frequency) to elicit a specific cognitive deficit.
Establishment of such correlation may help

determine whether the observed EP changes
reported here warrant further investigation.
Nonetheless, data showed that an EP method
might be used to assess neuronal function in
brain slices following in vivo exposures to jet
fuel. It is possible that an EP profile that directly
reflects the integrity of synaptic function, as well
as neuronal network, might serve as a useful
addition to the conventional behavioral testing
when performing neurotoxicological assessments.
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