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Abstract

Hippocampal-dependent deficits in learning and memory formation are a prominent feature of traumatic brain injury

(TBI); however, the role of the hippocampus in cognitive dysfunction after concussion (mild TBI) is unknown. We

therefore investigated functional and structural changes in the swine hippocampus following TBI using a model of head

rotational acceleration that closely replicates the biomechanics and neuropathology of closed-head TBI in humans. We

examined neurophysiological changes using a novel ex vivo hippocampal slice paradigm with extracellular stimulation and

recording in the dentate gyrus and CA1 occurring at 7 days following non-impact inertial TBI in swine. Hippocampal

neurophysiology post-injury revealed reduced axonal function, synaptic dysfunction, and regional hyperexcitability at one

week following even ‘‘mild’’ injury levels. Moreover, these neurophysiological changes occurred in the apparent absence

of intra-hippocampal neuronal or axonal degeneration. Input–output curves demonstrated an elevated excitatory post-

synaptic potential (EPSP) output for a given fiber volley input in injured versus sham animals, suggesting a form of

homeostatic plasticity that manifested as a compensatory response to decreased axonal function in post-synaptic regions.

These data indicate that closed-head rotational acceleration–induced TBI, the common cause of concussion in humans,

may induce significant alterations in hippocampal circuitry function that have not resolved at 7 days post-injury. This

circuitry dysfunction may underlie some of the post-concussion symptomatology associated with the hippocampus, such

as post-traumatic amnesia and ongoing cognitive deficits.
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Introduction

Mild traumatic brain injury (mTBI), also known as con-

cussion, has been recognized as a major health issue due to

heightened awareness of sports-related brain injuries and the

prevalence of mTBI in contemporary military conflicts.1–4 This

injury is by no means ‘‘mild,’’ considering that many individuals

suffer persistent neurocognitive dysfunction, including post-

traumatic amnesia.5,6 Recent reports have suggested that even a

single mTBI can potentially lead to long-term neuroradiological

and behavioral consequences.7 Moreover, mTBI can cause struc-

tural changes to axons in the white matter in some clinical cases and

in animal models.8,9 However, the mechanisms underlying the

early symptomatology, such as post-traumatic amnesia and deficits

in information processing following mTBI, have remained obscure.

In moderate-to-severe TBI in humans, the hippocampus has

been shown to be selectively vulnerable, with demonstrable neu-

ronal degeneration.10,11 The hippocampus also has drawn wide-

spread attention due to its selective vulnerability and changes in

excitability after a range of mechanical perturbations in rodent

models of TBI.12–16 However, neuronal degeneration does not

appear to be a typical feature of mTBI,8,9 raising the possibility that

cognitive deficits are due to network circuitry dysfunction rather

than resulting from overt neurodegeneration.

In the current study, our objective was to investigate structural

and functional alterations in hippocampal circuitry following dif-

fuse brain injury. We therefore utilized an established swine model

of diffuse brain injury induced by non-impact closed-head rota-

tion17–19 that has recently been adapted to replicate mechanical

loading conditions comparable to those found in human mTBI.8 To
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isolate hippocampal function, we developed a hippocampal slice

paradigm for swine and utilized it to examine axonal conduction,

synaptic function, and neuronal excitability to stimulation in area

CA1 and the dentate gyrus following rotational head injury. We

found that hippocampal neurophysiology was profoundly affected

following mTBI, including reduced axonal function, synaptic

dysfunction, and regional hyperexcitability. Moreover, these neu-

rophysiological changes did not appear to correlate with intra-

hippocampal neuronal or axonal degeneration. To the best of our

knowledge, this is the first reported electrophysiological exami-

nation of the hippocampus following diffuse brain injury in a

gyrencephalic large mammal. These findings suggest that hippo-

campal circuitry dysfunction may be an important aspect of mTBI,

and may underlie or contribute to post-traumatic cognitive deficits.

Methods

Animal preparation

Female 2- to 3-month-old Yorkshire swine (N = 12) with an
average weight of 24.3 kg were utilized in this study. The animals
were housed indoors and were fed standard pig chow and water ad
libitum. The animals were housed in a facility that was accredited
by the Association for Assessment and Accreditation of Laboratory
Animal Care International. The protocol was approved by the
Animal Care and Use Committee of the University of Pennsylvania
and all animals received care in strict compliance with the Guide
for the Care and Use of Laboratory Animals (U.S. National Re-
search Council, 1996).

Closed-head rotation induced diffuse brain injury using the
HYGE pneumatic actuator. Animals were fasted for 18–20 h
prior to the injury procedure, with water allowed ad libitum. After
pre-medication with midazolam (4.0–6.0 mg/kg), anesthesia was
induced with 5% isoflurane by snout mask, followed by intubation
and isoflurane at maintenance levels (1.5–2.0%). Closed-head ro-
tational acceleration-deceleration–induced TBI was administered
using the HYGE pneumatic actuator, a model capable of producing
pure impulsive non-impact head rotation in different planes (Fig. 1)
at controlled rotational acceleration levels (thus controlling se-
verity).17–19 Briefly, under anesthesia, the animals’ heads were
secured to a padded snout clamp, which, in turn, was mounted to the
HYGE device using a custom linkage assembly that converts the
linear motion of the actuator to an angular (rotational) motion.
Rapid head rotation was performed in the coronal plane at peak
angular velocities of 131–195 radians/sec (n = 7). Sham animals
received all ancillary procedures absent head rotation (n = 5). All
animals were transported back to the animal facility for recovery
and were survived for a period of 7 days.

Temporal lobectomy and hippocampal dissection

At 7 days post-TBI (or sham procedures), animals were induced
with midazolam (2.5–3.0 mg/kg) combined with ketamine (6.0–
8.0 mg/kg), intubated, and maintained on isoflurane as above (1.5–
2.0%). Animals were then transferred to a surgical suite where a
craniotomy was performed to expose the entire surface of the ce-
rebral cortex, and the dura was resected. The heart was accessed
and a transcardial perfusion was performed initially using a sucrose
artificial cerebrospinal fluid (aCSF; 3 mM KCl, 2.5 mM NaH2PO4,
26 mM NaHCO3, 10 mM glucose, 1 mM MgCl2, 2 mM CaCl2, with
sucrose replacing Na+ to match CSF osmolarity) chilled to 4�C.
The left posterior quadrant of the brain was extracted using a
scalpel (Fig. 1), and the remainder of the brain was then immedi-
ately transcardially perfused with 4% paraformaldehyde fixation
for histopathological analysis of the contralateral hemisphere. The

live extracted tissue (prior to paraformaldehyde administration)
was dissected on a cold block to isolate the hippocampal formation.

Hippocampal slice acquisition and field
potential recordings

Sham animals (n = 2) and injured animals (n = 1) were utilized
in an initial study to develop the extraction and pathway stimu-
lation and recording paradigms. Recordings in response to all
stimulation paradigms in the study were obtained following sham
conditions (n = 3 animals) and following coronal plane rotation
(n = 5 animals) with n = 4–8 hippocampal slices assessed per an-
imal. One animal rotated in the coronal plane was utilized for
histopathology only (n = 1). For hippocampal slice electrophysi-
ology, the extracted hippocampus was blocked to a 1-cm section
transverse to the long axis, affixed to a vibratome stage (Leica,
VT1200S), and cut to a thickness of 350 lm in ice-cold (2�C)
oxygenated aCSF (5% CO2, 95% O2) with sucrose replacing NaCl
to equal osmolarity (see above). Slices were then incubated in
oxygenated aCSF (130 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4,
26 mM NaHCO3, 10 mM glucose, 1 mM MgCl2, 2 mM CaCl2) at
35�C for 1 h.

Recordings were performed at room temperature on an interface
chamber using glass electrodes (3–4 MOhm) filled with aCSF and
an AxoPatch 1D amplifier in current clamp mode (Molecular De-
vices, CA). Slices were continuously perfused with oxygenated
aCSF. Traces were digitized and analyzed using the PClamp 10.0
software package (Molecular Devices, CA). Recordings were
performed in area CA1 while stimulating the Schaffer collaterals,
and in the dentate while stimulating either the medial or lateral
perforant path of the dorsal blade of the dentate gyrus. Care was
taken to utilize the same distances between stimulating and re-
cording electrodes (*2 mm), as well as between the medial and
lateral perforant path.

Preliminary experiments revealed a waveform similar to previ-
ously reported rodent results in area CA1 that had a prominent fiber
volley (FV) and field EPSP (Fig. 1). To confirm the waveform
constituents, the EPSP was blocked with glutamatergic antagonists
(APV, 50 lM, CNQX, 6 lM), after which the FV was completely
blocked by the application of tetrodotoxin (TTX) (0.4 lM; data not
shown), leaving only the stimulation artifact (removed for clarity in
all presented traces). Input–output (I/O) curves were generated and
paired-pulse paradigms were utilized to examine changes in ex-
citability and neurotransmitter release probabilities in slices from
injured versus sham animals. Stimulation was applied with a con-
centric bipolar stimulating electrode in the range of 50–500 lA.
The stimulation current eliciting half of the maximal I/O response
was determined, and two pulses at this current level were then given
50ms apart for the paired-pulse paradigm. This paired-pulse para-
digm was repeated 10 times with a 10 sec interval between trials. To
calculate paired-pulse facilitation or depression, the linear portion
of the second EPSP slope (approximately 75% of the deflection)
was compared to the first EPSP slope, utilizing the same time
window relevant to the stimulus artifact for both pulses. FV slopes
were calculated using the linear portion of the initial negative de-
flection that was sensitive to TTX in initial experiments. I/O curves
were initially generated using standard methodology with stimu-
lation current as the input, but also were calculated using the
measured FV slope as the input compared with the EPSP ‘‘output.’’
These procedures were used for CA1 inputs from the Schaffer
collaterals and for the dentate gyrus inputs from the perforant
path, at both the medial and lateral portion of the dorsal blade of
the gyrus.

Statistical analysis

The experimental design for these studies was a variation on a
split-plot design, and therefore data were analyzed using analysis
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of variance (ANOVA) with two fixed factors, using the principles
outlined in Morris.20 An interaction term was included between the
two factors in each ANOVA. A variation on this approach that
included FV slope as a continuous variable was used for the anal-
ysis of the EPSP data.

All statistical models considered animals to be independent
experimental units. Animal was modeled as a random effect; thus,
we consider the animals in our study to represent a random sample
of the population of animals under consideration. Within each
animal, replicate slices were collected. These slices were assumed
to be correlated within animals; they were not assumed to be in-
dependent units of analysis. Thus, two separate covariance terms
were included in the statistical model: one for the repeated mea-
surements on the same slice within animal, and one for repeated
measurements on different slices within animals. Operationally, we
carried this out by including a separate random term, nested within
animal in our statistical model. An example of the implementation
of this model is included in the supplementary Figure S1. Re-
cording time post-extraction was not examined as a factor in this
analysis.

The general hypothesis-testing strategy involved first applying
ANOVA to test for the main effect of injury and the interaction
between injury and either current or region; if this indicated sta-

tistical significance, individual effects were examined using Wald
tests and estimates presented with 95% confidence intervals. The
outcome data were log transformed to achieve approximate nor-
mality (with estimates exponentiated to return to the original scale).

Four separate statistical analyses were performed. First, for the
paired pulse experiments, the factors in the ANOVA included in-
jury group (injury present or absent) and brain region (CA1, medial
perforant path [mPP], lateral perforant path [lPP]), and their in-
teraction. The ratio of the slope of the EPSP for pulse 2 and pulse 1
was used as the outcome (results of this analysis shown in Fig. 3).
Second, in order to assess mean differences in FV between injured
and sham animals, the factors in the ANOVA were injury group and
current (10 levels applied to each brain slice within each animal),
and their interaction (Fig. 4). Third, we considered differences in
mean EPSP as a function of injury group and current, using an
analysis that followed the same protocol as described above where
we considered differences in mean FV slope (Fig. 5A). The rela-
tionship between current and FV slope was visualized by deter-
mining the following: 1) the mean FV slope across slices (4 to 8 per
animal) for each animal and 2) the mean of the mean FV slope
determined across animals. This was done at each current level.
Lastly, we considered whether mean EPSP differed as a function of
FV slope between sham and injured animals. We plotted these data

FIG. 1. Hippocampal slice recordings following rotational TBI in swine. Closed-head diffuse brain injury was induced based on rapid
rotational acceleration-deceleration in the coronal plane as depicted in (A). At terminal time-points of 7 days post-injury, pigs were
transcardially perfused with cold, oxygenated artificial cerebrospinal fluid, the posterior left quadrant of the brain was removed (B), and
the remainder of the brain was fixed with paraformaldehyde. The live posterior quadrant was immediately dissected on a cold block, and
the hippocampus was removed and blocked transversely to the long axis. Approximately 1cm of the dorsal hippocampus was then
transferred to sucrose cutting solution (see Methods) and then 350 lM sections were cut on a vibratome. These sections were transferred
to an interface chamber (C), where stimulation (red circles) and recordings (black arrows) (D) were performed in the Schaffer collaterals
(CA1) and the medial and lateral perforant path (dentate). A typical trace from CA1 (E) had a prominent fiber volley (FV) (arrow)
immediately following the stimulation (artifact removed, *) followed by an excitatory post-synaptic potential (EPSP). (D) Modified
from http://anatomie.vetmed.uni-leipzig.de/external/hippocampus/hippocampus_schema_gross.jpg
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in two ways. To present the data in a previously described manner,
we first plotted the data using the mean EPSP as a function of the
mean FV slope at each current level (Fig. 5B). We then used a
mixed effects model to ask whether mean EPSP differed as a
function of injury group and FV slope. Thus, the fixed effects
factors in this statistical model were injury group, FV slope, and
their interaction. The model also included current since mean EPSP
was shown to increase with current for the ranges examined.

FV slope was modeled statistically using a cubic spline; this is a
simple approach to allowing a curvilinear model without specifying
a particular parametric form. Of particular interest was the inter-
action between injury group and FV slope; presence of a significant
interaction would suggest that the effect of injury was dependent on
the magnitude of the FV slope. This model is similar to the analysis
we used to test the effect of current on FV slope. Here, instead of a
current by injury interaction, we anticipated a FV slope by injury
interaction. The second plot (supplementary Fig. S1) was used to
simply visualize the results of this model. As such, we plotted the
estimated mean EPSP as a function of FV slope for each current and
each injury group. We did this for each brain region. For simplicity,
we plot only the mean function; these results should be considered
hypothesis generating and are intended to supplement our main
finding which were based on more traditional analytic approaches
(Fig. 5B). For all I/O and FV curves, the standard error of the mean
(SEM) was calculated based on the variation in the means for each
animal (n = 3 sham or n = 5 injured). We used two-sided tests and a
Type I error rate of 0.05. Analyses were carried out in R Studio
Version 0.99.467 using R (R Core Team 2016) version 3.3.0 and
the nlme package.21

Immunohistochemistry

Brain hemispheres (contralateral to the live-tissue excision)
were blocked into coronal sections at 0.5 cm intervals for gross
examination and photography. All tissue samples were processed in
paraffin using standardized protocols. Paraffin blocks containing
the temporal lobe, including the hippocampal formation, were sec-
tioned at 8 lm and mounted on glass slides. Immunohistochemistry
was performed using techniques as previously described.22 Briefly,
following deparaffinization and rehydration, sections were immersed
in aqueous hydrogen peroxide (10 min) to quench endogenous per-
oxidase activity. Antigen retrieval was performed in a microwave
pressure cooker containing TRIS EDTA buffer and subsequent
blocking achieved using 50lL of normal horse serum (Vector Labs,
Burlingame, CA) per 5 mL of Optimax buffer (BioGenex, San Ra-
mon, CA) for 30 min. Incubation with the primary antibody was
performed for 20 h at 4�C. Specifically, monoclonal antibodies
specific for the heavy subunit of neurofilament (NF-200; N-0142;
Sigma-Aldrich, St Louis, MO) and the N-terminal amino acids 66–
81 of the amyloid precursor protein (APP; 22C11, Millipore, Bill-
erica, MA) were applied at a concentration of 1:2 K and 1:50 K,
respectively, to permit detection of axons and axonal pathology.23–26

A biotinylated universal secondary antibody was then applied for 1 h
(Vectastain Universal Elite kit; Vector Labs, Burlingame, CA) fol-
lowed by an avidin biotin complex as per the manufacturer’s in-
structions (Vectastain Universal Elite kit).

Finally, visualization was achieved using the DAB peroxidase
substrate kit (Vector Labs, Burlingame, CA). Counterstaining with
hematoxylin was performed and sections were examined using
light microscopy on a Nikon E600 eclipse and images acquired via
a Nikon RI1 camera. Positive control tissue included identically
prepared tissue from swine exposed to higher level coronal rota-
tional acceleration (280 radians/sec) using the same model, with
previously confirmed axonal pathology. Omission of the primary
antibody was performed on the same material to control for non-
specific binding. In all animals, the presence, morphology, and
distribution of axonal pathology was assessed in the temporal lobe
including regions relative to electrophysiological findings, specif-

ically the stratum moleculare layer of the dentate gyrus and the
stratum radiatum of the CA1 region of the hippocampus. Ob-
servations were conducted blind to the injury status by two inde-
pendent observers (V.E.J. and J.A.W.).

Results

Neurological recovery and gross pathology

We used an established swine TBI model based on head rota-

tional acceleration at peak angular velocities shown to induce

specific patterns and distributions of pathology.18,27 Swine were

rotated in the coronal plane, while sham animals received equiva-

lent procedures absent head rotation. Swine undergoing rotational

injury had no post-injury loss of consciousness and recovery was

indistinguishable from anesthesia effects in sham animals; ambu-

lation was restored soon after withdrawal of inhalation anesthesia

and the animals began feeding within a few hours. Gross exami-

nation of brains from swine undergoing head rotation revealed no

gross evidence of other TBI-related focal pathology, hematoma,

mid-line shift, or herniation. Overall, rotation in the coronal plane

was consistent with mTBI as previously demonstrated.27–29

Changes in hippocampal electrophysiology post-TBI

We developed a hippocampal slice preparation for swine in or-

der to investigate neurophysiological changes post-injury (see

Methods; Fig. 1). Hippocampal slice recordings demonstrated overt

changes in the waveforms of the extracellular post-synaptic re-

sponses to afferent stimulation in both area CA1 and dentate gyrus

post-injury during stimulation of the Schaffer collaterals and the

perforant path (medial and lateral), respectively. These changes,

which appear to be an invasion of single or multiple population

spikes earlier in the waveform and are believed to be summed

action potentials from the cell layer, were most prominent in area

CA1 (Fig. 2). Changes in the dentate response waveforms follow-

ing stimulation of the perforant path were less consistent following

TBI, as invasion of the population spike was only present in a

subset of animals when stimulated in the medial perforant path.

Moreover, changes in response waveforms were not apparent when

stimulated and recorded in the lateral perforant path, presumably

due to the increased distance of the dentate granule neurons from

the recording electrode. These alterations, when present, suggest

increased network excitability, a shift in the excitation–inhibition

balance of the local circuitry, or a potential homeostatic increase in

synaptic current leading to hyper-responsiveness.

I/O curves were generated based on stimulation between 50 and

500 lA of current, and the half maximal response was utilized for a

paired-pulse paradigm to investigate changes in synaptic function.

Examination of paired pulse facilitation at 50 msec intervals re-

vealed potential changes in neurotransmitter release probabilities

from injured versus sham animals. In area CA1, paired pulse fa-

cilitation was evident in the sham condition, as has been demon-

strated in other species.30 However, we found a loss of this paired

pulse facilitation post-injury in area CA1 ( p = 0.006; Fig. 3). This

decrease in paired-pulse facilitation post-injury suggests that there

may be an increase in release probability at 7 days post-injury. In

contrast, in the dentate gyrus, a trend towards paired pulse de-

pression in the medial perforant path and a trend towards facilita-

tion in the lateral perforant path were evident in sham animals as

has been reported in the rodent,31 but these were not significantly

different following injury ( p = 0.18 and p = 0.097 in the mPP and

lPP, respectively; Fig. 3).
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We also assessed TBI-induced changes in intra-hippocampal

FVs via extracellular recordings of presynaptic action potentials

induced by stimulation (same stimulation/recording positions as

above). We observed a prominent FV in the sham pig hippocampal

slices, and a notable decrease in the FV was evident in many cases

post-injury. When quantified, we found significant decreases in

mean FV initial slope following TBI (Fig. 4). Specifically, in area

CA1, we found overall decreases in FV slope for injured versus

sham animals. The injured group on average had mean FVs that

were 52% of the sham ( p = 0.028). In both perforant pathways

analyzed, mean FVs were lower in injured, compared with sham

animals; however, these results were not statistically significant,

and there appeared to be greater variability in FVs in these path-

ways, compared with the Schaffer collaterals.

Interestingly, conventional I/O curves (based on stimulation

current versus EPSP) were similar between injured and sham

animals at these stimulation levels (Fig. 5A). However, as de-

scribed above, the FVs were substantially reduced in CA1 post-

injury. Therefore, in order to visualize the potential effect of

diminished FV inputs, we plotted the EPSP slope against the

mean FVs as has previously been described (Fig. 5B).32–34 Ac-

cordingly, we analyzed the EPSP output based on FV inputs at

each current level in order to address whether the relationship

between EPSP and FV slope differed between injured and sham

animals. For CA1, this analysis showed that EPSP was signifi-

cantly higher as a function of FV slope among the injured animals

than among sham animals ( p = 0.001), although the ratio between

these was smaller at lower FV slopes. In addition, there was an

effect of current on this interaction in area CA1, such that there

were greater differences at higher current levels (Fig. S1). Taken

together, our results support the hypothesis that in CA1, the re-

lationship between axonal ‘‘input’’ and the synaptic currents

measured in the EPSP suggests a compensatory response to the

lower FV post-TBI, as demonstrated by the change in this rela-

tionship post injury in CA1.

Intra- and extra-hippocampal neuropathology

We hypothesized that the observed reduction in intra-

hippocampal FVs may be explained by a concomitant reduction

in axonal density from diffuse axonal injury and degeneration. To

examine for this, we performed APP immunohistochemistry in

tissue sections containing the hippocampus as well as the temporal

lobe white matter. APP immunoreactive axons displayed the classic

morphological appearance of traumatic axonal injury, including

terminally disconnected swollen axonal bulbs (formerly referred to

as retraction balls), and varicose swellings along the length of intact

axons.23–25,35 Nominal axonal pathology was observed in multiple

areas of the white matter tracts of the temporal lobe following

coronal rotation at 7 days post-injury (Fig. 6B). Although minimal

in extent, the morphological appearance of the extra-hippocampal

axonal pathology was consistent with that previously observed in

this model.17,18,36 Notably, no overt APP accumulation was ob-

served within the hippocampal formation in any animals, including

regions that directly corresponded to the stimulation and recording

sites of the hippocampus on the alternate hemisphere. Specifically,

axons in the stratum moleculare layer of the dentate gyrus and the

stratum radiatum of the CA1 did not exhibit APP accumulation

post-TBI (Fig. 6D, 6F). Since APP is a marker of ongoing transport

interruption, we cannot exclude the possibility that axons de-

generated outside the time-points examined. However, as a previ-

ously identified marker of all axons,26 NF-200 revealed axons with

a density, morphology, and distribution in these regions indistin-

guishable from controls, with no overt evidence of axonal dropout

(Fig. 6H, 6J), although this staining does not rule out more subtle

changes in NF expression or distribution. Hematoxylin and eosin

staining (data not shown) revealed a small number of ‘‘dark’’

neurons in the hippocampal structure at equal levels in sham and

injured animals, most likely an artifact of the surgical resection of

the temporal lobe.

Discussion

The vast majority of TBIs are closed-head diffuse brain injuries

caused by inertial loading to the head.28,36–40 Even so-called

‘‘mild’’ TBI (concussion) can lead to significant cognitive disrup-

tion, which may or may not include loss of consciousness imme-

diately post-injury, as well as longer-term neurological deficits

such as deficits in short-term memory and cognitive processing.41–44

These initial disruptions in short-term memory and cognition are

Coronal 
Inj (7d)

Sham

CA1

1mv

10ms

Dentate (mPP) Dentate (lPP)

FIG. 2. Changes in response waveform post-TBI in area CA1 and dentate gyrus. Representative examples of responses to stimuli in
the Schaffer collaterals (CA1) or medial perforant path (mPP) and lateral performant path (lPP) in hippocampal slices after rotational
brain injury in swine. Each waveform is the average of 10 traces at the half-maximal stimulation. Note the profound disruption in the
EPSP post-injury in area CA1 and in the dentate when stimulating the mPP (arrows). A distinct pattern commonly appears in the
waveforms post-injury that may be due to the population activity response invading the EPSP, suggesting hyper-excitability in the
neuronal response.
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suggestive of hippocampal dysfunction, as is post-traumatic am-

nesia.43 Indeed, even a single mTBI can lead to long-term changes

in both memory function and hippocampal structure.7 The objec-

tive of the current study was to assess alterations in hippocampal

circuitry as a potential substrate for this dysfunction using a well-

characterized swine model of closed-head rotational acceleration

induced TBI. In order to examine electrophysiological changes in

hippocampal circuitry post-injury, we developed methodology for

slice recordings from the swine hippocampus. The data presented

here suggest that closed-head diffuse brain injury leads to changes
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FIG. 3. Changes in paired pulse facilitation and depression post-TBI. (A) Paired pulse facilitation (PPF) as demonstrated in area CA1, where
an increased slope (S2) was evident in the second pulse (50 msec interpulse interval). An analysis of variance including injury group and an
interaction with brain region yielded evidence of a significant main effect of injury [F(1,6) = 11.5, p = 0.015], as well as evidence of differences
in the effect of injury in the three different brain regions [F(2,98) = 3.29, p = 0.042]. (B) Compared with sham, recordings in area CA1
suggested PPF was reduced by a factor of 0.79 (95% CI 0.69, 0.91; p = 0.006] following mild head rotation. (C) Responses to stimulation in the
dentate (medial perforant path [mPP]) suggested injured animals showed a reduction of 0.91-fold (95% CI 0.80, 1.05) relative to sham animals
( p = 0.18). (D) Similar PPF occurred in sham recordings in the lateral perforant path (lPP), with a reduction of 0.90-fold (95% CI 0.78, 1.03) in
injured versus sham animals ( p = 0.097). Note that these results for mPP and lPP did not achieve statistical significance. To visualize both
between animal variation as well as within-animal variation arising from the multiple slices, the data are presented as boxplots for each
individual animal; the horizontal line is the median, the box is the interquartile range (IQR) and each vertical line is the box –1.5 IQR truncated
at the minimum and maximum values for each animal. Outliers are shown as individual points.
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in intra-hippocampal axonal conduction, synaptic function, and

regional excitability at 1 week post-injury.

Hippocampal excitability and homeostatic plasticity

One of the surprising results of this study was the presumed

compensation for diminished input and resultant hyperexcitability

present in area CA1 at 1 week post-injury. The invasion of the

population spike was dramatic and in some cases created multiple

population action potentials (‘‘spikes’’), suggesting overwhelmed

inhibitory circuitry and/or hyperexcitable neurons as has been

previously demonstrated in rodent models of epilepsy and after TBI

in hippocampus and cortex.32,45–47 Interestingly, overall I/O curves

based purely on stimulation current amplitude and field EPSP

slopes were not significantly different between sham and injured

animals. However, when normalized to afferent FV amplitude

instead of the stimulus intensity, the ‘‘output’’ was significantly

greater in the injured animals, most prominently in area CA1. In

combination with the overall decrease in FV levels, this suggests

that there may be a compensatory change in the synapses of the

CA1 neurons, leading to a greater response to each input. This

homeostatic mechanism was first demonstrated in in vitro systems

where reduction in afferent input lead to changes in intrinsic ex-

citability and post-synaptic compensatory mechanisms.48 This

concept also has been previously demonstrated explicitly in the

hippocampus by deafferentation of area CA1 via Schaffer collateral

transection.49 After transection, multiple population spikes were

present in area CA1 following stimulation, although GABAergic

systems did not appear to be disrupted. Also supporting this con-

clusion is the increase in dendritic spine size in area CA1 after fluid

percussion injury in mice.50 Our results suggest a homeostatic

mechanism whereby decreasing input from afferent areas due to

decreased axonal function leads to hyperexcitability in the post-

synaptic neurons, although pre- or post-synaptic changes could be

responsible. Hyperexcitability in CA1 and dentate have previously

been demonstrated in various rodent models, although the results

vary depending on investigator and model utilized.32,33,45,51,52

Loss of hippocampal FVs and axonal pathology

Diffuse axonal injury has been demonstrated as one of the most

important pathologies following closed-head TBI in humans and in

animal models.18,37–39,53 Whether TBI-induced axonal dysfunction

beneath the level of axonal degeneration underlies cognitive

dysfunction remains an open question. We therefore investigated

intra- and extra-hippocampal axonal pathology based on APP im-

munoreactivity, a marker of transport interruption useful to mor-

phologically identify axonal retraction bulbs and/or varicosities,

which is the current gold standard for the clinical detection of

axonal pathology.23–25,35 This analysis revealed axonal pathology

within sub-cortical white matter, as previously reported in this

model.18 However, no axonal pathology was observed in the re-

gions where stimulations and recordings were performed (in the

contralateral hemisphere) or at any location within the main hip-

pocampal structure. Moreover, neurofilament staining revealed

axonal tracts with normal morphology that appeared indistin-

guishable from uninjured controls.

However, a lack of hippocampal APP accumulation does not

completely exclude the possibility of axonal pathology as a potential

mechanism underlying electrophysiological changes, but rather may

reflect the limitations of APP immunohistochemistry in detecting the

entire population of injured axons. Specifically, APP immunohisto-

chemistry relies upon the detection of abnormally accumulating APP

in swollen or varicose axons as a consequence of interruption to

axonal transport. As such, it remains possible that axons with intact

transport that are otherwise functionally impaired would not be de-

tected using this marker. Although it is also possible that hippo-

campal axonal degeneration had occurred outside the time-points at
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which histopathological analysis was performed, this interpretation

would be inconsistent with the time course of axonal degeneration

previously shown in humans and in this swine model.18,54

Our findings suggest that the marked reductions in intra-

hippocampal FVs after mild closed-head inertial brain injury may

not be explained by axonal loss, but rather reflect a functional

axonal pathology beneath the level of degeneration or overt dis-

connection. Changes that may underlie the loss of action potential

propagation manifesting as fiber-volley attenuation include neu-

rofilament compaction, nodal disruption, and/or alterations in so-

dium channel kinetics, sub-types or distribution.55,56 We have

previously shown sodium channel disruption in our in vitro model
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FIG. 5. Post-TBI output (EPSP) levels as a function of input (FV slope). (A) Input/output curves were generated via stimulation of the
Schaffer collaterals and medial and lateral perforant path in the dentate region. The injured group trended towards higher mean EPSP
levels in CA1 and medial perforant path, and lower levels in lateral perforant path, but these were not significant at individual current
levels. (B) The empirical mean EPSP is plotted as a function of mean FV slope for each level of current. In the CA1 region we found
strong evidence of an interaction between injury and FV slope [F(2, 428) = 6.95, p = 0.001], indicating the presence of an injury effect
that differed as a function of FV slope. These results suggest that for a given input (FV) in area CA1, there is a greater output (EPSP)
post injury. The results for this interaction for medial perforant path (mPP) did not achieve statistical significance [F(2, 437) = 2.28,
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FIG. 6. Lack of axonal pathology in the hippocampus despite functional alterations. At 7 days after injury or sham conditions, axonal
degeneration was assessed both within hippocampal pathways, as well outside the hippocampal structure in sub-cortical white matter
tracts (as an internal positive control). Representative micrographs from sham animals are presented in the left column, and from injured
animals in the right column. (A, B) In sub-cortical white matter, amyloid precursor protein (APP) immunoreactive axons displayed the
classic morphological appearance of traumatic axonal injury, including terminally disconnected swollen axonal bulbs, following TBI
(A) but were absent in sham animals (B). However, no overt APP accumulation was observed within the hippocampal formation in any
animals following injury, including regions that corresponded to the stimulation/recording sites on the contralateral side (i.e., the stratum
moleculare layer of the dentate gyrus and the stratum radiatum of the CA1 region) as demonstrated in representative hippocampal sub-
fields following sham conditions (C, E) or head rotation (D, F). Moreover, neurofilament-200 immunolabeling revealed axons of normal
density, morphology and distribution in these regions, with consistent appearance between sham (G, I) and injured (H, J) animals.
Collectively, these observations suggest the functional compromise of intra-hippocampal axons may not be explained by overt axonal
loss/degeneration or transport disruption. Scale bar = 25 lM for (A) and (B), 50 lM for (C-J).
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of axonal injury, and the FV reduction may reflect these same

mechanisms, or the inefficiency of newly inserted channels.57–59

Resultant depolarization of the axons could also lead to a decrease

in driving force reflected in the lower FV amplitudes. Demyeli-

nation or disruption of the nodal architecture also may lead to the

same effect on FV; however, overt myelination changes were not

detected in this tissue (data not shown).

These functional axonal deficits following mTBI suggest the

intriguing possibility that a population of axons is present that is

undetected using the current neuropathological standards. Func-

tionally compromised axons in the hippocampus may therefore

underlie some aspects of cognitive dysfunction after mTBI.60 Even

minor delays in timing between networks can disrupt important

aspects of the oscillatory entrainment of neurons that has been

demonstrated in both animal and human cognitive function, and

could affect other time relevant synaptic mechanisms, such as

spike-timing dependent plasticity.61–65 Disruptions or delays in the

perforant pathway, which projects from the entorhinal cortex and

serves as one of the major inputs to the hippocampus, may in

particular lead to memory effects, as has been demonstrated in

models of Alzheimer’s disease.66–69 Cognitive processing speed

after mTBI has been demonstrated as a deficit post-injury, with

hippocampal fornix axonal dysfunction suggested as one potential

substrate.43,69–71 Previous efforts to examine electrophysiological

changes in FV and action potential propagation have been per-

formed with fluid percussion models in rats and have demonstrated

changes post-injury, as well as in some mouse slice experi-

ments32,33; however, some of these did not display reduced FVs.72

Diffuse strain fields from closed-head inertial injury may uniquely

induce axonal dysfunction below levels that induce neuronal and

axonal degeneration, particularly in specific planes of injury, such

as coronal rotation. The level of hippocampal axonal vulnerability

may therefore vary based on the plane of head rotation, as has been

previously demonstrated in other brain regions in this model.27

Synaptic changes in paired pulse ratio

Our data also suggest that synaptic release probabilities were

affected following diffuse brain injury, as shown in particular

by the loss of paired pulse facilitation in the Schaffer collateral

pathway at 7 days post-injury. Paired pulse facilitation is one of

the shortest time-scale plasticity measures, usually attributed to

residual calcium in the axonal terminals from the previous

pulse,30,73,74 but interpretation of these results are limited by the

presence of the population spike in the recordings. While this

measure cannot predict the effects on longer-term potentiation and

other forms of plasticity, other TBI models have demonstrated

changes in LTP in area CA1.33,50 However, rodent models have

seen various effects on paired pulse ratio.32,50 If release probability

has been significantly altered (one interpretation of a decrease in

paired pulse ratio), then other forms of plasticity also may be af-

fected, suggesting a potential mechanism for protracted short-term

memory problems via disruption of information encoding.

Summary

This is the first report of hippocampal circuitry dysfunction

following closed-head diffuse brain injury in a large animal model

replicating features of the gyrencephalic neuroanatomy of the hu-

man brain. In particular, these data indicate that non-impact inertial

TBI in swine leads to axonal dysfunction and changes in synaptic

release probability and regional excitability in the hippocampus.

Interestingly, we discovered increased EPSPs in response to re-

duced FVs, consistent with an increased release probability or a

subtle neurophysiological shift in neuronal excitability and/or

synaptic receptor density to account for trauma-induced reductions

in axonal function. This adaptive response, presumably to maintain

a functional output given a pathologically reduced input, was not

revealed by standard analyses of I/O relationships. These neuro-

physiological changes occurred independent of detectable intra-

hippocampal neuronal or axonal degeneration, suggesting that the

observed functional shifts occurred directly due to trauma rather

than being a consequence of neuronal and/or axonal degeneration.

While it is premature to suggest that these reported hippocampal

disruptions lead directly to cognitive dysfunction, significant dis-

ruption to hippocampal circuitry is a potential contributor to post-

traumatic amnesia and other lingering cognitive deficits following

TBI. These findings suggest that this swine model of closed-head

diffuse brain injury may be a useful pre-clinical model to study

neurophysiological and functional consequences of TBI in humans.

Moreover, if future in vivo studies establish that the observed

post-TBI hyperexcitability changes remain elevated over time, this

model also may be useful to investigate post-traumatic hippo-

campal epileptogenesis. The current findings suggest future studies

examining the potential trauma-specific mechanisms underlying

hippocampal dysfunction following concussion, a crucial step in

identifying therapeutic targets.
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