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Abstract

Glutamate transporters, particularly glutamate transporter 1 (GLT-1), help to prevent the adverse effects associated
with glutamate toxicity by rapidly clearing glutamate from the extracellular space. Since GLT-1 expression and/or
function are reduced in many neurodegenerative diseases, upregulation of GLT-1 is a favorable approach to treat
the symptoms of these diseases. Ceftriaxone, a b -lactam antibiotic reported to increase GLT-1 expression, can
exert neuroprotective effects in a variety of neurodegenerative diseases; however, many of these diseases do not
exhibit uniform brain pathology. In contrast, as a drug that readily crosses the blood–brain barrier, ceftriaxone ad-
ministration is likely to increase GLT-1 levels globally throughout the neuroaxis. In Huntington disease (HD), low
GLT-1 expression is observed in the striatum in postmortem tissue and animal models. While ceftriaxone was re-
ported to increase striatal GLT-1 and ameliorate the motor symptoms in a mouse model of HD, the extrastriatal ef-
fects of ceftriaxone in HD are unknown. Using electrophysiology and high-speed imaging of the glutamate
biosensor iGluSnFR, we quantified real-time glutamate dynamics and synaptic plasticity in the hippocampus of the
Q175FDN mouse model of HD, following intraperitoneal injections of either saline or ceftriaxone. We observed an
activity-dependent increase in extracellular glutamate accumulation within the HD hippocampus, which was not
the result of reduced GLT-1 expression. Surprisingly, ceftriaxone had little effect on glutamate clearance rates and
negatively impacted synaptic plasticity. These data provide evidence for glutamate dysregulation in the HD hippo-
campus but also caution the use of ceftriaxone as a treatment for HD.
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Significance Statement

Huntington disease (HD) is an inherited neurodegenerative disease. In addition to the debilitating motor symp-
toms, HD is commonly associated with burdensome cognitive impairments. Here, we used a mouse model of
HD to show that in a region essential for cognition, the hippocampus, excessive levels of the neurotransmitter
glutamate accumulate during neural activity. While required for rapid cellular communication, too much gluta-
mate impairs synapse strengthening and negatively impacts cellular health. Glutamate accumulation in the HD
hippocampus appeared not to be due to altered expression of glutamate transporter-1, a highly expressed pro-
tein in the brain that controls glutamate levels. This is the first study to show abnormal glutamate accumulation
in the HD hippocampus, which may underlie the devastating cognitive symptoms associated with HD.
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Introduction
Glutamate is the most abundant neurotransmitter in the

brain and is essential for rapid cell-to-cell communication.
Paradoxically, glutamate can also exert toxic effects on
neurons, and increasing evidence suggests that the toxic
actions of glutamate occur at least in part through the ac-
tivation of extrasynaptically located NMDA receptors
(NMDARs; Hardingham and Bading, 2010; Parsons and
Raymond, 2014). Fortunately, the brain is equipped with a
robust and efficient glutamate transporter system that
maintains low levels of ambient extracellular glutamate
and helps to prevent excessive glutamate spillover to ex-
trasynaptic sites during neurotransmission (Danbolt,
2001). Glutamate transporter 1 (GLT-1) is an essential ex-
citatory amino acid transporter protein that is expressed
in high concentrations throughout much of the neuroaxis
(Lehre and Danbolt, 1998). While GLT-1 has been de-
tected in neurons, it is primarily found on astrocytic mem-
branes (Rothstein et al., 1994; Furness et al., 2008).
Knocking out GLT-1 selectively in astrocytes recapitu-
lates the lethal seizure phenotype observed following
global GLT-1 knockout (Tanaka et al., 1997; Petr et al.,
2015). GLT-1 plays an important role in regulating extrac-
ellular glutamate dynamics following synaptic release in
the healthy brain (Pinky et al., 2018), and GLT-1 expres-
sion and/or function is reduced in a variety of CNS condi-
tions (Rothstein et al., 1995; Masliah et al., 1996; Liévens
et al., 2001; Jacob et al., 2007). Therefore, pharmacologi-
cal upregulation of GLT-1 has been suggested as a prom-
ising therapeutic strategy for a wide variety of neurologic
conditions including several neurodegenerative diseases,
addiction, ischemia, chronic pain, and traumatic brain in-
jury (Yimer et al., 2019).
Ceftriaxone (Cef) is a Food and Drug Administration-

approved b -lactam antibiotic known to increase GLT-
1 expression through the nuclear factor-kB pathway
(Rothstein et al., 2005; Lee et al., 2008). Evidence sup-
porting a neuroprotective effect of ceftriaxone has
been observed in mouse models of a diverse set of
neurodegenerative diseases including Parkinson’s dis-
ease, Alzheimer’s disease, amyotrophic lateral sclero-
sis and Huntington disease (HD), to name a few (Yimer
et al., 2019). In theory, pharmacologically increasing
GLT-1 expression in neurologic conditions associated
with glutamate toxicity resulting from low GLT-1 levels
is indeed an attractive therapeutic strategy. However,
as a cephalosporin that crosses the blood–brain

barrier (Spector, 1987), systemic administration of cef-
triaxone is likely to exert an effect throughout much of
the neuroaxis. In contrast, most CNS conditions are
associated with varying degrees of pathology among
different brain regions, and increasing GLT-1 expres-
sion in regions where the levels and function of the
transporter are unperturbed may be associated with
adverse side effects. Indeed, ceftriaxone administra-
tion to wild-type (WT) rats was reported to negatively
impact hippocampal-dependent learning and memory
(Matos-Ocasio et al., 2014) and mossy fiber-CA3 long-
term depression (Omrani et al., 2009).
HD is a devastating neurodegenerative disease caused

exclusively by a CAG repeat expansion in the gene en-
coding the huntingtin protein. Although HD is now recog-
nized as a brain-wide disease (Ross et al., 2014), the HD-
causing mutation preferentially affects striatal medium
spiny neurons, which results in the devastating motor
symptoms of the disease. It has been shown that GLT-1
expression is reduced in the striatum of HD mouse mod-
els and in postmortem HD striatal tissue (Liévens et al.,
2001; Behrens et al., 2002; Miller et al., 2008; Faideau et
al., 2010). Interestingly, ceftriaxone increased striatal
GLT-1 levels and ameliorated the motor deficits in the ag-
gressive R6/2 mouse model of HD. However, HD is also
associated with extremely burdensome cognitive decline
(Paulsen, 2011), and clear deficits in hippocampal synap-
tic plasticity and hippocampal-dependent learning and
memory have been observed in numerous mouse models
of HD (Usdin et al., 1999; Murphy et al., 2000; Lynch et al.,
2007; Brito et al., 2014; Kolodziejczyk et al., 2014; Giralt
et al., 2017; Quirion and Parsons, 2019). While the litera-
ture on GLT-1 function in the HD hippocampus is sparse,
one report did show that GLT-1 expression is normal in
the hippocampus of the YAC128 mouse model of HD up
to 12months of age (Huang et al., 2010). While ceftriax-
one may have beneficial effects on striatal pathology and
motor symptoms in HD, its putative effect on hippocam-
pal function remains to be seen. Here, we used high-
speed imaging of a glutamate biosensor and electrophys-
iology to quantify hippocampal glutamate dynamics and
synaptic plasticity, and their response to ceftriaxone
treatment, in the Q175FDN knock-in mouse model of HD.
Our results demonstrate that while excessive extracellular
glutamate accumulation can be detected in the HD hippo-
campus following certain presynaptic activity patterns, it
is not a result of low GLT-1 expression. Furthermore, cef-
triaxone had surprisingly little effect on functional meas-
ures of glutamate dynamics and negatively impacted
hippocampal synaptic plasticity.

Materials and Methods
Animals. In the present study, we used heterozygous

(Het) Q175FDN mice (Southwell et al., 2016) and their WT
littermates, bred within the animal care facility of
Memorial University. DNA sequencing (Laragen) was per-
formed on a subset of samples and mice with repeat
lengths ;205 were selected as breeders. All mice were
group housed in ventilated cage racks and kept on a 12 h
light/dark cycle (lights on at 7:00 A.M.) with food and
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water available ad libitum. Both male and female mice
were used in equal numbers in the present study. No
sex differences were observed in our experimental
measures, and data from male and female mice were
combined. All procedures followed the guidelines set
by the Canadian Council on Animal Care and were ap-
proved by the Institutional Animal Care Committee of
Memorial University.
Stereotaxic surgery. At 5–6 months of age, mice were

anesthetized with isoflurane (3% induction, 1.5–2% main-
tenance) and injected with 2mg/kg, s.c., meloxicam and
0.1 ml/0.2% lidocaine underneath the scalp before the
surgical procedure. A hand drill was used to drill a small
hole at the desired coordinates, and a Neuros 7002
Hamilton Syringe was used with an infusion pump (Pump
11 Elite Nanomite, Harvard Apparatus) to inject 1ml of
AAV1.hSyn.iGluSnFr.WPRE.SV40 into the hippocampus
(injection rate, 2 nl/s). We used the following coordinates
with respect to distance from bregma: 2.6 mm posterior,
2.4 mm lateral, 1.2–1.4 mm ventral to brain surface.
pAAV.hSyn.iGluSnFr.WPRE.SV40 was a gift from Loren
Looger (viral prep #98 929-AAV1, Addgene; http://n2t.net/
addgene:98929; RRID:Addgene_98929). The syringe was
left in place for at least 5min following the injection. The
incision was then sutured, and 0.5 ml of 0.9% saline was
administered subcutaneously. Mice were warmed on a
heating pad for ;30min and then returned to the venti-
lated cage racks.
Slice preparation. Approximately 2–3 weeks following

iGluSnFR injection, mice were injected daily for 7 d with
ceftriaxone (200mg/kg, i.p.). Twenty-four hours after the
last injection, when mice were 6–7 months of age, mice
were anesthetized with isoflurane and decapitated, and
the brain was quickly removed and placed in ice-cold oxy-
genated (95% O2/5% CO2) slicing solution consisting of
the following (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25
NaH2PO4, 2.5 MgCl2, 0.5 CaCl2, and 10 glucose.
Transverse slices (350 mm) containing the hippocampus
were cut using a Leica VT1000 S Vibratome. Slices were
recovered in artificial CSF (ACSF) at room temperature for
at least 60–90min before imaging and electrophysiology
experiments. ACSF consisted of the following (in mM): 125
NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 1.0 MgCl2, 2.0
CaCl2, and 10 glucose.
iGluSnFR imaging and analysis. Slices from 6- to 7-

month-old mice expressing iGluSnFR were transferred to
a recording chamber, and a peristaltic pump (MP-II,
Harvard Apparatus) was used to perfuse oxygenated
ACSF at a flow rate of 1.5–2 ml/min. ACSF was main-
tained at 25°C using an in-line heater and temperature
controller (TC-344C, Harvard Apparatus). A glass stimu-
lating electrode was placed in the Schaffer collateral path-
way, ;50–100mm below the slice surface. Clampex
software and a Digidata 1550A (Molecular Devices) were
used to control LED illumination (Lumen 300, Prior
Scientific), image acquisition through an EM-CCD camera
(Andor iXon Ultra 897, Oxford Instruments), and electrical
stimulation with an Iso-flex Stimulus Isolator (A.M.P.I.).
iGluSnFR responses to synaptic stimulation were imaged
using an Olympus BX61 upright microscope and a 4�/

0.28 numerical aperture objective (Olympus). Images
were captured at 205 frames per second using Andor
Solis software (Oxford Instruments). Image binning of
4� 4 was used. iGluSnFR responses were evoked in each
slice with either a single train of high-frequency stimula-
tion (HFS; 100 pulses over 1 s) or theta burst stimulation
(TBS; 10 bursts of four pulses at 100Hz, separated by a
200 ms interburst interval). Stimulus intensity was set at
50mA for these experiments, which represents a stimulus
intensity that typically evokes a response that is ;30–
40% of the maximal response on this system. After re-
ceiving either HFS or TBS, the slice was discarded.
iGluSnFR responses to synaptic stimulation were quan-

tified by first applying bleach correction using the bleach
correction plugin in FIJI software. Bleaching was kept to a
minimum by limiting the exposure of the slice to blue light,
and any bleaching observed was readily corrected in FIJI.
Following bleach correction, a 10� 10 pixel region of in-
terest (1 pixel at 4� 4 binning= 15.6mm) was placed 150–
200mm away from the stimulating electrode, toward CA1,
in the stratum radiatum. For each image frame, the aver-
age iGluSnFR intensity was calculated within this region
of interest. Arbitrary fluorescence intensity units were
converted to %DF/F (percentage change in fluorescence
intensity relative to the basal fluorescence intensity) using
the VSD signal processor plugin. iGluSnFR sustain was
calculated by dividing the %DF/F at the end of HFS by the
response peak. Decay tau and the area under the curve
were calculated using GraphPad Prism 8. For decay tau
calculations, response decays were fit with a single-expo-
nential nonlinear curve in GraphPad Prism 8. For image
presentation in the figures, noise was reduced using a
Gaussian blur filter (2 pixels), the scale was set from 1–6%
DF/F, and the “fire” heatmap was applied. For the x-ymaxi-
mum projection images shown, 4� 4 scaling was applied
with bilinear interpolation. The “volume viewer” plugin was
used to visualize the response along the z-axis (time).
Electrophysiology. For electrophysiological recordings

of basal excitability and long-term potentiation (LTP),
acute hippocampal slices, obtained from 6- to 7-month-
old mice, were positioned on a probe consisting of an
8� 8 array of 64 electrodes, each spaced 150mm apart
(MED-P515A probe, Alpha MED Scientific). Before use,
each MED64 probe was treated overnight with 0.1% poly-
ethyleneimine in 25 mM borate buffer, adjusted to a pH of
8.4 with HCl. Once a slice was placed in the probe, the
hippocampus was positioned over the electrode array
with the visual aid of a USB digital camera imaging from
the bottom side of the probe (USB2-MICRO-250X,
Plugable). Once positioned with electrodes covering CA3
and CA1 subregions of the hippocampus, the probe was
placed into the MED64 ThermoConnector (MED-CP04)
and perfused with oxygenated ACSF using a peristaltic
pump. The flow rate was set to 1.5–2 ml/min, and the tem-
perature of the ACSF was maintained at 25°C using a
temperature controller. The slice was left in the system to
acclimatize for at least 15min before stimulation.
After 15min, an electrode that was positioned within

the Shaffer collateral projection from CA3 to CA1 was se-
lected to be the stimulating electrode. Mobius software
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was used to select the stimulating electrode and to moni-
tor responses in the remaining 63 electrodes. An input/
output curve was performed by evoking field EPSPs
(fEPSPs) starting at a stimulus intensity of 10 mA and in-
creasing by 5 mA steps. From these input–output curves,
we determined the stimulation intensity that elicited 30–
40% of the maximal fEPSP response. This stimulation in-
tensity was then used as the stimulus intensity for the
subsequent LTP experiment. For LTP experiments, slices
were stimulated with single pulses (0.2 ms width) every 20
s. After a stable baseline was achieved, HFS was applied
to induce LTP. HFS consisted of 100 pulses at 100Hz.
Following HFS, single fEPSPs were evoked every 20 s for
an additional 60min. For fEPSP analysis, we selected
three adjacent electrodes within stratum radiatum that ex-
hibited the most robust response during baseline record-
ings, as determined by the slope of the first 1–2 ms of the
fEPSP slope. The fEPSP slope at these three locations
within stratum radiatum was then averaged together to
generate a single fEPSP slope in stratum radiatum in re-
sponse to each single stimulus applied to the Schaffer
collaterals. The percentage of potentiation was deter-
mined by averaging the fEPSP response size from 55 to
60min following HFS, and by expressing it as a percent-
age increase from the average response of the baseline.
Measurements of paired-pulse ratios were conducted on
a separate conventional electrophysiological recording
system exactly as described previously (Barnes et al.,
2020).
Western blotting. For Western blot quantification of

GLT-1 protein expression, the hippocampus of the nonin-
jected hemisphere in iGluSnFR-injected animals (6–7
months of age) was dissected and homogenized in 200–
300ml of lysis buffer containing protease and phospha-
tase inhibitors (Roche). The supernatant was collected, and
the protein concentration was determined using BCA stand-
ards. Fifty micrograms of protein was added to each lane of
a 10% SDS-PAGE gel for electrophoresis before being
transferred to a nitrocellulose membrane. Primary antibod-
ies for GLT-1 (1:1000; EI, mouse-monoclonal, Santa Cruz
Biotechnology) and actin (1:1000; C4, mouse-monocolonal,
Santa Cruz Biotechnology), and a goat anti-mouse IgG-
HRP secondary antibody (monoclonal; 1:5000; catalog #sc-
2005, Santa Cruz Biotechnology) were used. Blots were de-
veloped using a chemiluminescent HRP substrate (catalog
#WBKLS0100, lot no. 1712501, Millipore). Band densities
were quantified in ImageJ, and GLT-1 band densities were
normalized to actin.
Statistics. Statistical tests used included two-way

ANOVA, repeated-measures two-way ANOVA, unpaired t
test (two-tailed), and paired t test (two-tailed). p values
,0.05 were considered significant. For all two-way
ANOVA analyses, the p values for the main effects (geno-
type and treatment) and for the interaction effects are
clearly noted in the results text and in the corresponding
figure panel. As the main research question focused on
the effect of ceftriaxone on glutamate dynamics, Sidak
post hoc tests were performed only when a main treat-
ment or interaction effect was found. For imaging and
LTP experiments, the reported n values represent the

number of slices obtained from at least five animals in
each condition. For all Western blot data, reported n val-
ues refer to the number of animals used in each condition.

Results
Glutamate dynamics are altered in the Q175FDN
hippocampus in response to high-frequency
stimulation
We treated iGluSnFR-injected WT and Q175FDN het-

erozygous HD mice with either saline or ceftriaxone.
Acute brain slices containing the hippocampus were
obtained, and iGluSnFR responses in CA1 stratum radi-
atum were quantified following electrical stimulation
(HFS; 100 pulses in 1 s) of the Schaffer collaterals. In
addition to being a commonly used LTP induction para-
digm, HFS is expected to challenge the glutamate up-
take system in the hippocampus by overwhelming
glutamate transporters (Pinky et al., 2018). In WT mice
treated with saline, HFS produced an iGluSnFR re-
sponse that peaked at 149.6 6 23.3 ms (n = 11) into the
stimulation paradigm (Fig. 1A). After responses peaked,
and in the continued presence of a single HFS train, the
iGluSnFR response then decreased to a value less than
half of the peak by the end of HFS. When HFS was ter-
minated, the iGluSnFR signal then rapidly fell back to
baseline levels (Fig. 1A,B). Mean 6 SEM iGluSnFR re-
sponses to HFS are shown in Figure 1B for all conditions
(WT-saline, n=11; Q175FDN-saline, n=10; WT-ceftriaxone,
n=9; Q175FDN-ceftriaxone, n=10). The observed reduc-
tion in response size throughout the latter portions of HFS is
consistent with a recent study that used the ultrafast iGluu
glutamate sensor to demonstrate that short-term depres-
sion of glutamate release occurs when Schaffer collaterals
are stimulated at 100Hz (Helassa et al., 2018). Therefore,
we quantified “iGluSnFR sustain” as a putative measure of
the magnitude of presynaptic depression during HFS,
where higher sustain is suggestive of less presynaptic
depression.
Interestingly, the presynaptic depression observed in sli-

ces from WT mice was not as pronounced in slices from
Q175FDNmice, as indicated by higher mean iGluSnFR sus-
tain values recorded from Q175FDN mice and a statistically
significant genotype effect (Fig. 1C; two-way ANOVA; geno-
type, p, 0.001). This result suggests that normally occur-
ring presynaptic depression is impaired in the Q175FDN
hippocampus, thereby promoting excess extracellular gluta-
mate accumulation during HFS. Ceftriaxone was without ef-
fect on the high sustain values observed in Q175FDN mice,
as no significant treatment or interaction effect was ob-
served (Fig. 1C; two-way ANOVA; treatment, p=0.188; in-
teraction, p=0.170). However, it is worth noting that when
WT mice were analyzed independently of the Q175FDN
data, iGluSnFR sustains were significantly reduced following
ceftriaxone treatment (unpaired t test, p=0.017). Thus, cef-
triaxone can reduce glutamate accumulation during HFS in
WT mice, but provides no beneficial effect in the context of
HD.
Next, to determine whether relative differences could

be observed in glutamate clearance rates after electrical
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Figure 1. HFS results in excess glutamate accumulation in the Q175FDN Het hippocampus that is not alleviated by ceftriaxone. A,
Representative maximum projection images of the iGluSnFR response to HFS in WT-saline (Sal), Het-Sal, WT-Cef, and Het-Cef con-
ditions. A bright-field image depicting the field of view containing the hippocampus is shown on the top left for the WT-Sal example.
Scale bar, top right (top five images), 500 mm. The bottom panels represent the response to HFS over time (z-axis). Gray shading in-
dicates the timing of HFS. Scale bar, bottom right, 1 s. B, Mean iGluSnFR responses (6SEM) in each group during HFS. The red
box represents the portion of the response at stimulus offset used for the decay tau analysis in D. Gray shading above the response
indicates SEM. The 1 s of HFS is indicated by the black horizontal bar above the response, and the shading underneath each
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afferent stimulation was terminated, we quantified the
decay tau of iGluSnFR as it returned to baseline after HFS
had ended. We found that after HFS, glutamate clearance
was slower overall in Q175FDN mice compared with WT
mice, and a significant genotype effect was found (Fig.
1D,E; two-way ANOVA; genotype, p=0.005). Although
ceftriaxone is widely used to increase glutamate trans-
porter expression, glutamate clearance rates were not
significantly affected by ceftriaxone treatment, regardless
of genotype (Fig. 1D; two-way ANOVA; treatment, p=0.279;
interaction, p=0.341). We observed no genotype effect on
the maximum amount of glutamate released during HFS, as
measured by the peak iGluSnFR response (Fig. 1F; two-way
ANOVA; genotype, p=0.172). Unexpectedly, ceftriaxone in-
creased the size of iGluSnFR responses in WTmice (Fig. 1F;
two-way ANOVA, treatment, p=0.021; Sidak’s multiple-
comparisons test, p=0.041 for WT-saline vs WT-Cef;
p=0.536 for Q175FDN-saline vs Q175FDN-Cef). It took sig-
nificantly longer to reach a peak in Q175FDN mice (Fig. 1G;
two-way ANOVA; genotype, p=0.007), but ceftriaxone had
no significant effect on the time to peak (Fig. 1G; two-way
ANOVA; treatment, p=0.288; interaction, p=0.413). We
also observed a significant genotype difference in the area
under the curve of the iGluSnFR profile, which was larger
in Q175FDN mice but again was unaffected by ceftriaxone
treatment (Fig. 1H; genotype, p, 0.001; treatment, p=
0.359; interaction, p=0.177). Together, these data suggest
that impaired presynaptic depression and slow glutamate
clearance contribute to excessive extracellular glutamate
accumulation in the Q175FDN hippocampus in response to
HFS. However, these observed effects were not alleviated
by ceftriaxone treatment.
The higher iGluSnFR sustain observed in Q175FDN

mice (Fig. 1C) could be accounted for by more presynap-
tic glutamate release throughout the HFS protocol (i.e.,
less presynaptic depression). However, the iGluSnFR pro-
file during HFS is likely to reflect a combination of the
amount of ongoing glutamate release as well as the rate
of glutamate uptake during this period of stimulation. To
remove contributions from the latter, we performed a set
of experiments in slices from WT and Q175FDN mice and
evoked iGluSnFR signals with HFS as above, but this time
in the presence of a saturating concentration (100 mM) of
the glutamate transporter inhibitor DL-TBOA (DL-threo-
beta-benzyloxyaspartate). D-APV (50 mM) and DNQX (20
mM) were added to the ACSF to prevent excitotoxicity. In
the absence of transporter-mediated glutamate uptake,
HFS resulted in significantly larger iGluSnFR responses in
Q175FDN slices compared with WT slices (Fig. 1I,J; un-
paired t test, p=0.016). This finding suggests that ele-
vated glutamate levels can be reached in HD tissue
independent of glutamate uptake, thereby supporting the
interpretation that presynaptic depression during HFS is
reduced in the Q175FDN hippocampus.

Glutamate dynamics are normal in the HD
hippocampus in response to theta-burst stimulation
TBS, another commonly used LTP induction para-

digm, consists of multiple bursts of activity separated by
an interburst interval of 200 ms. Each burst consists of
four pulses at 100Hz, which in and of itself is insufficient
to overwhelm the glutamate transporters in the hippo-
campus (Diamond and Jahr, 2000; Pinky et al., 2018),
and the interburst interval of 200 ms is sufficient to re-
store any activity-dependent slowing of glutamate clear-
ance (Armbruster et al., 2016). Therefore, it is expected
that TBS places substantially less demand on the gluta-
mate transporter system compared with the incessant
train of 100 pulses associated with HFS. As altered glu-
tamate dynamics were observed in the Q175FDN hippo-
campus following HFS, we next asked whether similar
effects could be seen with the less demanding TBS pro-
tocol. In hippocampal slices from WT mice treated with
saline, TBS resulted in a clear iGluSnFR response with
10 distinct peaks that were time locked to the 10 bursts
associated with the TBS paradigm (Fig. 2A,B; WT-saline,
n= 10; WT-ceftriaxone, n= 10; Q175FDN-saline, n= 10;
Q175FDN-ceftriaxone, n=9). Similar iGluSnFR responses
were observed when comparing WT and Q175FDN mice
treated with saline (Fig. 2C; repeated-measures two-way
ANOVA: genotype, p=0.915; burst number, p, 0.001; in-
teraction, p=0.652) as well as when comparing WT and
Q175FDN mice treated with ceftriaxone (Fig. 2D; repeated-
measures two-way ANOVA: genotype, p= 0.656; burst
number, p= 0.004; interaction, p= 0.999). iGluSnFR re-
sponse peaks were not different between the two geno-
types, and while responses tended to be larger in
ceftriaxone-treated mice, this did not reach statistical
significance (Fig. 2E; two-way ANOVA; genotype, p=0.660;
treatment, p=0.064; interaction, p=0.748). Next, we ana-
lyzed iGluSnFR decay tau for each of the 10 iGluSnFR tran-
sients associated with each burst of TBS. No genotype
differences were observed in iGluSnFR decay tau across
the 10 distinct bursts in saline-treated mice (Fig. 2F; re-
peated-measures two-way ANOVA: genotype, p=0.614;
burst number, p, 0.001; interaction, p=0.804). Similarly,
no genotype differences were observed in iGluSnFR decay
tau across the 10 distinct bursts in ceftriaxone-treated mice
(Fig. 2G; repeated-measures two-way ANOVA: genotype,
p=0.811; burst number, p, 0.001; interaction, p=0.714).
When all 10 decay taus were averaged for each slice, we
also found no significant genotype, treatment, or interaction
effects using a two-way ANOVA (Fig. 2H; two-way ANOVA;
genotype, p=0.870; treatment, p=0.656; interaction,
p=0.597). No significant genotype or treatment (i.e., saline
vs ceftriaxone) effects were observed when we quantified
the area under the curve of the iGluSnFR response through-
out the entire TBS, although there was a trend toward larger

continued
response is representative of the area under the curve. Responses are normalized to the peak. C, Analysis of iGluSnFR sustain in
WT and Het mice treated with Sal or Cef. D, Decay tau comparisons for each condition. E, Representative response at the end of
stimulation showing the difference in iGluSnFR decay between WT-Sal and Het-Sal. F–H, Peak (F), time to reach the peak (G), and
the area under the curve (AUC; H) in WT and Het mice treated with Sal or Cef. I, J, iGluSnFR responses (I) and peak values (J) in
WT and Het slices exposed to 100 mM TBOA. All data are presented as the mean 6 SEM. pp, 0.05, ppp, 0.01, pppp, 0.001.
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Figure 2. Glutamate dynamics in response to TBS are normal in the Q175FDN Het hippocampus. A, Representative maximum pro-
jection images of the iGluSnFR response to TBS in WT-saline (Sal), Het-Sal, WT-Cef, and Het-Cef conditions. A bright-field image
depicting the field of view containing the hippocampus is shown on the top left for the WT-Sal example. Scale bar, top right (top
five images), 500 mm. The bottom panels represent the response to TBS over time (z-axis). Gray shading indicates the timing of the
10 bursts of TBS. Calibration, bottom right: 1 s. B, Mean iGluSnFR responses (6SEM) in each group during TBS. Gray shading
above the response indicates SEM. Each burst associated with TBS is indicated by a vertical black bar above the response, and the
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areas in ceftriaxone-treated mice (Fig. 2I; genotype,
p= 0.532; treatment, p= 0.079; interaction, p= 0.745).
Together, these data suggest that the Q175FDN hippo-
campus exhibits activity-dependent alterations in extrac-
ellular glutamate accumulation, with normal iGluSnFR
profiles during TBS but abnormal responses during HFS. In
agreement, we found no evidence of impaired glutamate dy-
namics when glutamate release was evoked by a single
pulse (Fig. 2J; WT, n=12; Het, n=14; unpaired t test,
p=0.674).

Ceftriaxone negatively impacts LTP at CA3–CA1
synapses
We previously demonstrated that 6-month-old hetero-

zygous Q175FDN mice, the age also used in the present
study, exhibit an impairment in LTP induced by HFS, but
not by TBS (Quirion and Parsons, 2019). Furthermore, the
glutamate imaging results of the present study demon-
strate that excessive glutamate accumulation occurs in
the Q175FDN hippocampus during HFS but not TBS.
While ceftriaxone was unable to restore HFS-evoked glu-
tamate dynamics to WT levels, we were still interested in
assessing the putative effect of ceftriaxone on HFS-LTP,
as previous reports demonstrate detrimental effects on
mossy-fiber-CA3 synaptic plasticity and hippocampal-
dependent learning and memory (Omrani et al., 2009;
Matos-Ocasio et al., 2014). Here, we focused on HFS-
LTP as no impairment in TBS-LTP is evident in Q175FDN
heterozygous mice at this age (Quirion and Parsons,
2019). Acute slices from saline or ceftriaxone-treated WT
and Q175FDN mice were placed on a multielectrode
array (MED64; Fig. 3A) and fEPSPs were evoked by elec-
trical stimulation of the Schaffer collaterals. Interestingly,
input–output curves revealed larger fEPSP slopes in
both genotypes following ceftriaxone treatment (Fig. 3B–
D; WT-saline, n= 5; WT-ceftriaxone, n= 8; Q175FDN-sa-
line, n= 5; Q175FDN-ceftriaxone, n= 8), suggesting that
ceftriaxone can increase basal excitability in CA3–CA1.
To quantify the putative effects of genotype and ceftriax-
one treatment on fEPSP slopes, we graphed the fEPSP
slope at 50 mA stimulation (representing an approxi-
mately half-maximal stimulus intensity) and analyzed the
data using a two-way ANOVA. fEPSPs were not different
between WT and Q175FDN mice, although fEPSP slopes
were significantly larger following ceftriaxone treatment,
independent of genotype (Fig. 3C; genotype, p= 0.508;
treatment, p= 0.011; interaction, p= 0.906; Sidak’s mul-
tiple-comparisons test: p= 0.158 for WT-saline vs WT-
Cef; p= 0.088 for Q175FDN-saline vs Q175FDN-Cef). A
significant effect of ceftriaxone was also observed when
genotypes were combined for each treatment group (as
no genotype effects were noted), and fEPSP slope was
plotted against stimulation intensity and analyzed as a

two-way ANOVA (Fig. 3D; treatment, p= 0.005; stimulus
intensity, p, 0.001; interaction, p, 0.001; saline, n= 10;
ceftriaxone, n= 16). Thus, ceftriaxone increases basal
excitability at CA3–CA1 synapses. This effect was un-
likely to be due to an increase in release probability, as
paired-pulse ratios (WT-saline, n= 12; Q175FDN-saline,
n= 6; WT-ceftriaxone, n= 10; Q175FDN-ceftraixone,
n= 5) were not significantly different between WT and
Q175FDN mice injected with saline (Fig. 3E; repeated-
measures two-way ANOVA; genotype, p= 0.646; inter-
pulse interval, p, 0.001; interaction, p= 0.208), between
WT and Q175FDN mice injected with ceftriaxone (Fig.
3F; repeated-measures two-way ANOVA; genotype,
p= 0.292; interpulse interval, p, 0.001; interaction,
p= 0.179), or between WT mice injected with saline and
WT mice injected with ceftriaxone (Fig. 3G; repeated-
measures two-way ANOVA; treatment, p= 0.497; inter-
pulse interval, p,0.001; interaction, p= 0.686). The lack
of difference in paired-pulse ratios between WT and
Q175FDN mice at this age supports an earlier finding
from our laboratory (Quirion and Parsons, 2019).
Next, we evoked LTP using HFS. Q175FDNmice exhibited

a lower magnitude of LTP and a significant genotype effect
was observed; however, rather than restoring LTP in
Q175FDN mice, ceftriaxone had an overall negative impact
on LTP (Fig. 3H–K; two-way ANOVA; genotype, p=0.015;
treatment, p=0.026; interaction, p=0.350; Sidak’s multiple-
comparisons test: p=0.054 for WT-saline vs WT-ceftriaxone;
p=0.533 for Q175FDN-saline vs Q175FDN-ceftriaxone; WT-
saline, n=5; WT-ceftriaxone, n=7; Q175FDN-saline, n=5;
Q175FDN-ceftriaxone, n=7). In addition, we also noted that
the magnitude of potentiation immediately following HFS ap-
peared to be reduced following ceftriaxone treatment. Thus,
we also quantified post-tetanic potentiation (PTP), quantified
as the percentage of potentiation within the first 3 min follow-
ing HFS. PTP represents a form of short-term plasticity that is
thought to be mediated by presynaptic protein kinase C and
enhanced calcium sensitivity of vesicular release (Brager et
al., 2003; Korogod et al., 2007). Indeed, we found that PTP
was significantly impaired following ceftriaxone treatment
(Fig. 3H; two-way ANOVA; genotype, p=0.269; treatment,
p=0.010; interaction, p=0.328; Sidak’s multiple-compari-
sons test: p=0.026 for WT-saline vs WT-ceftriaxone;
p=0.358 for Q175FDN-saline vs Q175FDN-ceftriaxone).
Together, these data suggest that ceftriaxone treatment can
negatively impact hippocampal synaptic plasticity and is
therefore unlikely to have a beneficial effect on the cognitive
symptoms associated with HD.

Effect of ceftriaxone on GLT-1 expression is age
dependent
For each animal used in the aforementioned experi-

ments, hippocampal tissue that was not used for

continued
shading underneath each response is representative of the area under the curve. Calibration (all four responses): 1% DF/F; 400ms.
C, D, Mean (6SEM) peak response to each of the 10 bursts associated with TBS in WT and Het mice treated with Sal (C) or Cef (D).
E, Comparison of average peak over TBS in WT and Het treated with Sal or Cef. F, G, Decay tau for each of the 10 bursts associ-
ated with TBS in WT and Het mice treated with Sal (F) or Cef (G). H, Comparison of the average decay tau throughout TBS in WT
and Het treated with Sal or Cef. I, Comparison of AUC in WT and HET mice treated with Sal or Cef. J, iGluSnFR decay tau values
evoked by a single pulse. All data are presented as the mean 6 SEM; ppp, 0.01, pppp, 0.001. ns, non-significant.
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iGluSnFR imaging or electrophysiology was used to quan-
tify GLT-1 expression levels via Western blotting.
Surprisingly, we found that in 6-month-old control FVB
mice and heterozygous Q175FDN mice, ceftriaxone did
not increase GLT-1 expression levels, as expected. In
fact, we unexpectedly observed an overall significant
effect of ceftriaxone that was due to reduced GLT-1 ex-
pression in ceftriaxone-treated mice (Fig. 4A; repeated-
measured two-way ANOVA; genotype, p=0.719; treat-
ment, p=0.034; interaction, p=0.854; WT-saline, n=7;
WT-ceftriaxone, n=7; Q175FDN-saline, n=7; Q175FDN-
ceftriaxone, n=7). This overall significant treatment effect
was not accompanied by significant post hoc tests within
either genotype (Sidak’s test: WT-saline vs WT-ceftriax-
one, p=0.177; Q175FDN-saline vs Q175FDN-ceftriax-
one, p=0.267); thus, the overall significant treatment

effect reflects the reduction in mean GLT-1 expression in
both genotypes. Moreover, GLT-1 expression was not al-
tered in the Q175FDN hippocampus compared with WT
mice, consistent with a previous report in the YAC128
mouse model of HD (Huang et al., 2010). As the majority
of studies using ceftriaxone use younger rats or C57BL6/
J mice, we reasoned that the inability for ceftriaxone to in-
crease GLT-1 expression in our hands could be due to ei-
ther mouse strain or age, as the animals used in the
present study were 6month of age. To test the latter, we
intraperitoneally injected a separate cohort of 2- to 3-
month-old FVB mice with the same ceftriaxone solution
and schedule (7 consecutive days) used for the 6-month-
old animals. In agreement with previous studies, we now
observed a significant increase in GLT-1 expression in
ceftriaxone-treated animals compared with saline (paired

Figure 3. Ceftriaxone increases CA3–CA1 basal excitability and impairs synaptic plasticity. A, Representative image of the multie-
lectrode array used to stimulate and record hippocampal responses. Scale bar, 450mm. B–D, Input–output curve measuring fEPSP
responses to increasing stimulus intensities in WT and Het mice treated with saline (Sal) or Cef. Mean fEPSP slopes at 50 mA are
shown in C to compare the effect of treatment and genotype on the fEPSP. Data for Het and WT responses were grouped in D to
demonstrate the effect of ceftriaxone treatment on fEPSP slope. Sidak’s multiple-comparisons test showed significant post hoc ef-
fects at 55–60 mA (pp, 0.05), 65–70mA (ppp, 0.01), and 75–90 mA (pppp, 0.001). E–G, Paired-pulse ratios at three different inter-
pulse intervals for the indicated genotypes and treatments. H, I, LTP in WT and Het mice treated with Sal or Cef. Representative
fEPSP traces before (black) and 55–60min after LTP induction (red) are shown in H. fEPSP traces are scaled so that the baseline
peak is matched for each trace. Scale bar, 10ms. High-frequency stimulation is administered at time=0 in I. J, LTP expressed as
the percentage potentiation 55–60min following high-frequency stimulation. K, Post-tetanic potentiation expressed as the percent-
age of potentiation 0–3min following high-frequency stimulation. All data are presented as the mean 6 SEM. pp, 0.05, ppp, 0.01,
pppp,0.001.
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t test, p=0.048; saline, n=5; ceftriaxone, n=5). These re-
sults suggest that ceftriaxone has age-dependent effects
in FVB/N mice, where increased GLT-1 expression was
only observed at younger ages. In all, these data argue
against the use of ceftriaxone as a strategy to reduce glu-
tamate toxicity in neurodegenerative disease.

Discussion
In the present study, using a heterozygous knock-in

mouse model of HD at an early symptomatic age, we
demonstrated significant alterations in hippocampal ex-
tracellular glutamate dynamics that were not alleviated by
ceftriaxone treatment. The increased glutamate accumu-
lation observed in Q175FDN hippocampal slices was evi-
dent for HFS but not for TBS, suggesting that activity
patterns known to induce activity-dependent slowing of
glutamate clearance (Armbruster et al., 2016; Pinky et al.,
2018) are required for such an effect to be observed.
Interestingly, the excessive glutamate levels observed in
Q175FDN mice following HFS cannot be explained by low
GLT-1 expression levels, as no genotype differences in
GLT-1 protein were observed. In our hands, 7 d of
200mg/kg ceftriaxone increased GLT-1 expression only
in younger FVB mice (2–3 months of age) and was unable
to increase GLT-1 protein levels in FVB mice 6–7 months
of age. Not only did ceftriaxone fail to accelerate extracel-
lular glutamate dynamics, it negatively impacted synaptic
plasticity. To the best of our knowledge, this is the first re-
port of altered glutamate dynamics in the HD hippocam-
pus. While such alterations may in part underlie cognitive
deficits in HD, our data caution the use of ceftriaxone as a
therapeutic option in neurodegenerative disease.

Altered extracellular glutamate dynamics in the HD
hippocampus in response to HFS
Reduced GLT-1 levels have been widely reported in the

striatum of HD mouse models and in postmortem striatal
tissue from HD patients (Liévens et al., 2001; Behrens et
al., 2002; Miller et al., 2008; Faideau et al., 2010). While
real-time measurements of iGluSnFR at the population
level using wide-field imaging revealed no impairment in
glutamate uptake rates in the striatum from YAC128 and
R6/2 mouse models of HD (Parsons et al., 2016), a recent
study using single-synapse imaging of the ultrafast gluta-
mate sensor iGluu variant elegantly demonstrated that a
subset of corticostriatal synapses exhibit poor clearance
rates in Q175 knock-in mice (Dvorzhak et al., 2019). Here,
using the wide-field imaging approach with iGluSnFR, we
were able to detect significant alterations in hippocampal
extracellular glutamate dynamics in the hippocampus of
Q175FDN heterozygous knock-in HD mice at an early
symptomatic disease stage (6–7 months; Southwell et al.,
2016). Specifically, during HFS, extracellular glutamate
accumulation was enhanced in HD tissue as a result of re-
duced presynaptic depression and a slower clearance
rate at HFS offset.
Presynaptic depression that occurs during sustained

high-frequency synaptic stimulation (Helassa et al., 2018)
contributes to the shape of the overall iGluSnFR response
to HFS, and we observed less presynaptic depression in
Q175FDN hippocampal tissue compared with WT.
Indeed, the degree of ongoing transporter-mediated up-
take will also contribute to the shape of the iGluSnFR re-
sponse during sustained activity; therefore, we also
measured iGluSnFR responses to HFS in the presence of
the glutamate transporter blocker TBOA. These experi-
ments confirmed that presynaptic release is enhanced
during sustained activity in the Q175FDN hippocampus,
as HFS-evoked iGluSnFR signals were significantly larger
in Q175FDN slices compared with WT slices when gluta-
mate transport was blocked. Huntingtin interacts with nu-
merous proteins involved in regulating presynaptic
transmitter release (Shirasaki et al., 2012). While expres-
sion levels of presynaptic proteins complexin II, synapto-
brevin 2, and rab3A are reduced in the HD striatum, they
are enhanced in the HD hippocampus (Morton et al.,
2001; Morton and Edwardson, 2001). The elevated ex-
pression of presynaptic release machinery in the HD hip-
pocampus may help explain the abnormally high sustain
of the iGluSnFR signal to HFS observed in the present
study. Our result here is consistent with a recent study
that used FM1-43 to quantify synaptic vesicle release in
cortical cultures from zQ175 knock-in HD mice. The au-
thors found evidence for enhanced presynaptic calcium
influx and vesicle release during sustained field stimula-
tion in zQ175 cultures compared with WT cultures (Chen
et al., 2018). Interestingly, age-dependent bidirectional ef-
fects on corticostriatal presynaptic release probability
have been documented in the YAC128 mouse model of
HD, where enhanced release probability at an early age
transitions to reduced release probability in later disease
stages (Joshi et al., 2009). The present study was con-
ducted at an early symptomatic age in heterozygous

Figure 4. Ceftriaxone exerts an age-dependent effect on hippo-
campal GLT-1 expression. A, B, Western blots comparing GLT-
1 expression in WT and Het mice treated with saline (Sal) or Cef
at 6months of age. C, D, Western blots comparing GLT-1 ex-
pression in WT mice treated with Sal or Cef at 2–3months of
age. All data are presented as the mean 6 SEM. pp, 0.05.
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Q175FDN mice, so it is possible that the increased
iGluSnFR sustain observed may disappear or even re-
verse at a late disease stage.
We also observed slower glutamate clearance rates fol-

lowing HFS, but not TBS or single pulses, in Q175FDN hip-
pocampal slices. This effect cannot be explained by
reduced GLT-1 expression, as total GLT-1 protein was not
different between the two genotypes. It is still possible that
GLT-1 function is impaired in the Q175FDN hippocampus,
as post-translational modifications are known to impact
GLT-1 function. In fact, in the YAC128 mouse model of HD,
reduced GLT-1 palmitoylation, not expression, was shown
to negatively impact glutamate uptake capacity in synapto-
somes (Huang et al., 2010). Alternatively, other glutamate
transporters such as GLAST and EAAC1 exert significant
control over the spatiotemporal dynamics of extracellular
glutamate in the hippocampus. For example, a considerable
portion of synaptically activated transporter currents, meas-
ured by electrophysiological recordings from single astro-
cytes, remains following complete GLT-1 blockade with a
saturating concentration of dihydrokainate (DHK) (Bergles
and Jahr, 1997). Similarly, iGluSnFR decay values are mag-
nitudes slower following nonselective transporter blockade
with TBOA compared with selective GLT-1 blockade with
DHK (Armbruster et al., 2016; Parsons et al., 2016; Pinky et
al., 2018). Thus, numerous glutamate transporters combine
to shape the overall dynamics of extracellular glutamate in
the hippocampus. GLT-1, GLAST (glutamate/aspartate
transporter), and EAAC1 exhibit different subcellular local-
ization patterns, with GLT-1 localized to both astrocytes and
presynaptic terminals, GLAST localized to astrocytes, and
EAAC1 localized to neurons (Rothstein et al., 1994; Lehre et
al., 1995; Holmseth et al., 2012). In the present study, slower
clearance rates, as measured by iGluSnFR decay, were only
observed in the Q175FDN hippocampus in response to
HFS, and not to TBS or single pulses. HFS is expected to re-
sult in more glutamate spillover compared with TBS or
single pulses; thus, it is possible that the clearance of
HFS-evoked glutamate release will depend on a different
population of transporters than those located in the immedi-
ate vicinity of the presynaptic release site. Last, as iGluSnFR
decay tau values are determined by sensor kinetics, trans-
porter-mediated uptake as well as diffusion away from the
release sites, it is also possible that the volume and architec-
ture of the extracellular space differs between WT and
Q175FDN mice. Any putative differences in the tortuosity of
the extracellular space (Hrabětová, 2005) or astrocyte-to-
neuron proximity (Octeau et al., 2018) may also underlie the
observed slower iGluSnFR decay following HFS in the
Q175FDN hippocampus.
Recent studies using iGluSnFR have shown a clear de-

pendence of glutamate clearance rate on presynaptic ac-
tivity (Armbruster et al., 2016; Pinky et al., 2018). This
relationship was explored in detail by Armbruster et al.
(2016), where they proposed a unique form of neuron–as-
trocyte communication whereby presynaptic activity ex-
ceeding 30Hz can rapidly and reversibly influence
glutamate uptake rates in the cortex. Interestingly, this ac-
tivity-dependent modulation of glutamate uptake was in-
dependent of the amount of glutamate released. It was

also demonstrated that while the hippocampus clears glu-
tamate faster than the cortex, hippocampal glutamate
dynamics are also slowed by increasing durations of
high-frequency presynaptic activity at CA3–CA1 synap-
ses (Pinky et al., 2018). In the cortex, activity-dependent
slowing of glutamate clearance is sufficient to slow the
decay times of NMDAR-mediated currents (Armbruster
et al., 2016). Whether altered glutamate dynamics in the
Q175FDN hippocampus translates to slower NMDAR
currents remains to be seen and is of interest for future
studies. Interestingly, slow clearance rates were only ob-
served after HFS and not after any of the individual
bursts associated with TBS. Therefore, instead of a
basal deficit in glutamate uptake abilities, it is possible
that the activity-dependent slowing of glutamate clear-
ance (Armbruster et al., 2016) may be exaggerated in the
HD hippocampus.

Effects of ceftriaxone on synaptic plasticity, learning,
andmemory
While ceftriaxone was found to have a beneficial effect

on the motor phenotype in the R6/2 mouse model of HD
(Miller et al., 2008), its potential effect on learning and
memory and/or synaptic plasticity was not investigated in
that same study. We were interested in determining the
effect of ceftriaxone on CA3–CA1 LTP in the context of
HD for the following numerous reasons: (1) the cognitive
symptoms of HD are extremely burdensome; (2) hippo-
campal LTP is impaired in animal models of HD; and (3)
ceftriaxone has been shown to negatively impact synaptic
plasticity as well as learning and memory, even when ad-
ministered to healthy animals (Omrani et al., 2009; Matos-
Ocasio et al., 2014). We found that ceftriaxone increased
basal excitability at CA3–CA1 synapses and negatively
impacted synaptic plasticity. The ceftriaxone-induced in-
crease in fEPSP slope could be due to an increase in pre-
synaptic release probability, an increase in synapse
numbers, and/or an increase in postsynaptic glutamate
receptors. Ceftriaxone was without effect on the paired-
pulse ratios in the present study, suggesting that the in-
crease in fEPSP slope may not be due to an increase in
release probability. Interestingly, ceftriaxone can increase
spine density in the hippocampus (Yang et al., 2013), an
effect that may underlie the increase in the postsynaptic
population response to electrical stimulation observed in
the present study. Ceftriaxone was also shown to impair
mossy fiber–CA3 long-term depression (Omrani et al.,
2009). Interestingly, in this same study, the authors dem-
onstrated that ceftriaxone had no significant effect on
CA3–CA1 LTP, which contrasts with the results of the
present study. One possible explanation for this discrep-
ancy is the fact that Omrani et al. (2009) used a stronger
LTP induction protocol than the one used here. In such a
case, it is possible that ceftriaxone increases the thresh-
old for LTP induction, and, if surpassed, normal LTP can
be expressed. The discrepancy may also be explained by
age and species differences between the two studies, as
Omrani et al. (2009) used male Wistar rats (8–9weeks
old), whereas we used 6-month-old FVB and Q175FDN
mice. Nonetheless, the two studies clearly demonstrate
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that ceftriaxone can have a negative impact on hippo-
campal synaptic plasticity. On the other hand, it must be
acknowledged that multiple studies have indeed demon-
strated a beneficial effect of ceftriaxone within the hippo-
campus of certain disease models (Yimer et al., 2019).
For example, daily ceftriaxone injections for 2 months im-
proved memory in the 3xTg mouse model of Alzheimer’s
disease (Zumkehr et al., 2015). Thus, the effects of ceftriax-
one are complex and likely determined by numerous fac-
tors, including treatment duration, brain region, and the
particular disease in question. In the case of HD, while cef-
triaxone may provide benefit to the striatum, it may have un-
wanted consequences on hippocampal function.

Putative age-dependent and GLT-1-independent
effects of ceftriaxone
An unexpected finding of the present study was that 7 d

of daily ceftriaxone administration (200mg/kg, i.p.), widely
used in the literature, was unable to increase GLT-1 ex-
pression in the hippocampus of FVB and Q175FDN mice
at 6months of age. In contrast, the same treatment in-
creased GLT-1 expression in younger FVB mice (2–
3months). This result suggests that it may be more diffi-
cult to trigger a ceftriaxone-induced increase in GLT-1 in
older animals; indeed, we were unable to find many exam-
ples in the literature where a 7 d treatment of ceftriaxone
was sufficient to increase GLT-1 expression in aged ani-
mals. Five days of ceftriaxone was sufficient to increase
GLT-1 expression in WT and R6/2 mice at 13weeks of
age, although later ages were not tested due to the re-
duced lifespan of the R6/2 mouse model of HD (Sari et al.,
2010). While the aforementioned study by Zumkehr et al.
(2015) used 10-month-old 3xTg mice, ceftriaxone was ad-
ministered daily for 2 months. Thus, it is entirely possible
that ceftriaxone would exert different effects if the present
study was repeated with a longer ceftriaxone dosing pe-
riod. The effects of ceftriaxone duration and how it affects
animals at different ages is of interest for future studies.
Ceftriaxone increases GLT-1 expression by promoting

nuclear translocation of p65 and subsequent activation of
the transcription factor nuclear factor-kB (Lee et al., 2008).
In a previous study, ceftriaxone helped protect acute hippo-
campal slices from oxygen-glucose deprivation without af-
fecting GLT-1 expression (Lipski et al., 2007). Ceftriaxone
has been shown to decrease oxidative stress and neuroin-
flammation (Yimer et al., 2019) and can also increase ex-
pression of the catalytic subunit of the glutamate/cystine
antiporter system, which can increase basal glutamate lev-
els (Lewerenz et al., 2009; Trantham-Davidson et al., 2012).
The present study provides additional examples of how cef-
triaxone can exert significant effects in the brain independ-
ent of its widespread reported effect of increasing GLT-1.
Thus, the mechanism underlying a reported effect of cef-
triaxone, whether it be beneficial or detrimental, should be
interpreted with caution and not necessarily attributed ex-
clusively to an increase in GLT-1 expression and an acceler-
ation of transporter-mediated glutamate uptake.
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Hrabětová S (2005) Extracellular diffusion is fast and isotropic in the
stratum radiatum of hippocampal CA1 region in rat brain slices.
Hippocampus 15:441–450.

Huang K, Kang MH, Askew C, Kang R, Sanders SS, Wan J, Davis
NG, Hayden MR (2010) Palmitoylation and function of glial gluta-
mate transporter-1 is reduced in the YAC128 mouse model of
Huntington disease. Neurobiol Dis 40:207–215.

Jacob CP, Koutsilieri E, Bartl J, Neuen-Jacob E, Arzberger T, Zander
N, Ravid R, Roggendorf W, Riederer P, Grünblatt E (2007)
Alterations in expression of glutamatergic transporters and

Research Article: New Research 12 of 14

May/June 2020, 7(3) ENEURO.0440-19.2020 eNeuro.org

http://dx.doi.org/10.1523/JNEUROSCI.2066-16.2016
https://www.ncbi.nlm.nih.gov/pubmed/27707974
http://dx.doi.org/10.1523/JNEUROSCI.1655-19.2020
https://www.ncbi.nlm.nih.gov/pubmed/32102922
http://dx.doi.org/10.1093/brain/awf180
https://www.ncbi.nlm.nih.gov/pubmed/12135980
http://dx.doi.org/10.1016/S0896-6273(00)80420-1
http://dx.doi.org/10.1038/nn1067
https://www.ncbi.nlm.nih.gov/pubmed/12754518
http://dx.doi.org/10.1172/JCI74809
https://www.ncbi.nlm.nih.gov/pubmed/25180603
http://dx.doi.org/10.1016/s0301-0082(00)00067-8
https://www.ncbi.nlm.nih.gov/pubmed/11369436
http://dx.doi.org/10.1152/jn.2000.83.5.2835
https://www.ncbi.nlm.nih.gov/pubmed/10805681
http://dx.doi.org/10.1523/JNEUROSCI.2865-18.2019
https://www.ncbi.nlm.nih.gov/pubmed/30819797
http://dx.doi.org/10.1093/hmg/ddq212
https://www.ncbi.nlm.nih.gov/pubmed/20494921
http://dx.doi.org/10.1016/j.neuroscience.2008.08.043
https://www.ncbi.nlm.nih.gov/pubmed/18805467
http://dx.doi.org/10.1038/ncomms15592
https://www.ncbi.nlm.nih.gov/pubmed/28555636
http://dx.doi.org/10.1038/nrn2911
https://www.ncbi.nlm.nih.gov/pubmed/20842175
http://dx.doi.org/10.1073/pnas.1720648115
https://www.ncbi.nlm.nih.gov/pubmed/29735711
http://dx.doi.org/10.1523/JNEUROSCI.5347-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22539860
http://dx.doi.org/10.1002/hipo.20068
http://dx.doi.org/10.1016/j.nbd.2010.05.027
https://www.ncbi.nlm.nih.gov/pubmed/20685337


receptors in sporadic Alzheimer’s disease. J Alzheimers Dis
11:97–116.

Joshi PR, Wu N-P, André VM, Cummings DM, Cepeda C, Joyce
JA, Carroll JB, Leavitt BR, Hayden MR, Levine MS, Bamford NS
(2009) Age-dependent alterations of corticostriatal activity in
the YAC128 mouse model of Huntington disease. J Neurosci
29:2414–2427.

Kolodziejczyk K, Parsons MP, Southwell AL, Hayden MR, Raymond
LA (2014) Striatal synaptic dysfunction and hippocampal plasticity
deficits in the Hu97/18 mouse model of Huntington disease. PLoS
One 9:e94562.

Korogod N, Lou X, Schneggenburger R (2007) Posttetanic potentia-
tion critically depends on an enhanced Ca21 sensitivity of vesicle
fusion mediated by presynaptic PKC. Proc Natl Acad Sci U S A
104:15923–15928.

Lee SG, Su ZZ, Emdad L, Gupta P, Sarkar D, Borjabad A, Volsky DJ,
Fisher PB (2008) Mechanism of ceftriaxone induction of excitatory
amino acid transporter-2 expression and glutamate uptake in pri-
mary human astrocytes. J Biol Chem 283:13116–13123.

Lehre KP, Danbolt NC (1998) The number of glutamate transporter
subtype molecules at glutamatergic synapses: chemical and ster-
eological quantification in young adult rat brain. J Neurosci
18:8751–8757.

Lehre KP, Levy LM, Ottersen OP, Storm-Mathisen J, Danbolt NC
(1995) Differential expression of two glial glutamate transporters in
the rat brain: quantitative and immunocytochemical observations.
J Neurosci 15:1835–1853.

Lewerenz J, Albrecht P, Tien MLT, Henke N, Karumbayaram S,
Kornblum HI, Wiedau-Pazos M, Schubert D, Maher P, Methner A
(2009) Induction of Nrf2 and xCT are involved in the action of the
neuroprotective antibiotic ceftriaxone in vitro. J Neurochem
111:332–343.

Liévens J-C, Woodman B, Mahal A, Spasic-Boscovic O, Samuel D,
Kerkerian-Le Goff L, Bates GPP (2001) Impaired glutamate uptake
in the R6 Huntington’s disease transgenic mice. Neurobiol Dis
8:807–821.

Lipski J, Wan CK, Bai JZ, Pi R, Li D, Donnelly D (2007)
Neuroprotective potential of ceftriaxone in in vitro models of
stroke. Neuroscience 146:617–629.

Lynch G, Kramar EA, Rex CS, Jia YS, Chappas D, Gall CM,
Simmons DA (2007) Brain-derived neurotrophic factor restores
synaptic plasticity in a knock-in mouse model of Huntington’s dis-
ease. J Neurosci 27:4424–4434.

Masliah E, Alford M, DeTeresa R, Mallory M, Hansen L (1996)
Deficient glutamate transport is associated with neurodegenera-
tion in Alzheimer’s disease. Ann Neurol 40:759–766.

Matos-Ocasio F, Hernández-López A, Thompson KJ (2014)
Ceftriaxone, a GLT-1 transporter activator, disrupts hippocampal
learning in rats. Pharmacol Biochem Behav 122:118–121.

Miller BR, Dorner JL, Shou M, Sari Y, Barton SJ, Sengelaub DR,
Kennedy RT, Rebec GVV (2008) Up-regulation of GLT1 expression
increases glutamate uptake and attenuates the Huntington’s dis-
ease phenotype in the R6/2 mouse. Neuroscience 153:329–337.

Morton AJ, Edwardson JM (2001) Progressive depletion of complex-
in II in a transgenic mouse model of Huntington’s disease. J
Neurochem 76:166–172.

Morton AJ, Faull RLM, Edwardson JM (2001) Abnormalities in the
synaptic vesicle fusion machinery in Huntington’s disease. Brain
Res Bull 56:111–117.

Murphy KP, Carter RJ, Lione LA, Mangiarini L, Mahal A, Bates GP,
Dunnett SB, Morton AJ (2000) Abnormal synaptic plasticity and
impaired spatial cognition in mice transgenic for exon 1 of the
human Huntington’s disease mutation. J Neurosci 20:5115–5123.

Octeau JC, Chai H, Jiang R, Bonanno SL, Martin KC, Khakh BS
(2018) An optical neuron-astrocyte proximity assay at synaptic dis-
tance scales. Neuron 98:49–66.e9.

Omrani A, Melone M, Bellesi M, Safiulina V, Aida T, Tanaka K,
Cherubini E, Conti F (2009) Up-regulation of GLT-1 severely im-
pairs LTD at mossy fibre-CA3 synapses. J Physiol 587:4575–4588.

Parsons MP, Raymond LA (2014) Extrasynaptic NMDA receptor in-
volvement in central nervous system disorders. Neuron 82:279–293.

Parsons MP, Vanni MP, Woodard CL, Kang R, Murphy TH, Raymond
LA (2016) Real-time imaging of glutamate clearance reveals nor-
mal striatal uptake in Huntington disease mouse models. Nat
Commun 7:11251.

Paulsen JS (2011) Cognitive impairment in Huntington disease:
diagnosis and treatment. Curr Neurol Neurosci Rep 11:474–
483.

Petr GT, Sun Y, Frederick NM, Zhou Y, Dhamne SC, Hameed MQ,
Miranda C, Bedoya EA, Fischer KD, Armsen W, Wang J, Danbolt
NC, Rotenberg A, Aoki CJ, Rosenberg PA (2015) Conditional dele-
tion of the glutamate transporter GLT-1 reveals that astrocytic
GLT-1 protects against fatal epilepsy while neuronal GLT-1 con-
tributes significantly to glutamate uptake into synaptosomes. J
Neurosci 35:5187–5201.

Pinky NF, Wilkie CM, Barnes JR, Parsons MP (2018) Region-and ac-
tivity-dependent regulation of extracellular glutamate. J Neurosci
38:5351–5366.

Quirion JG, Parsons MP (2019) The onset and progression of hippo-
campal synaptic plasticity deficits in the Q175FDN mouse model
of Huntington disease. Front Cell Neurosci 13:326.

Ross CA, Aylward EH, Wild EJ, Langbehn DR, Long JD, Warner JH,
Scahill RI, Leavitt BR, Stout JC, Paulsen JS, Reilmann R,
Unschuld PG, Wexler A, Margolis RL, Tabrizi SJ (2014) Huntington
disease: natural history, biomarkers and prospects for therapeu-
tics. Nat Rev Neurol 10:204–216.

Rothstein JD, Martin L, Levey AI, Dykes-Hoberg M, Jin L, Wu D,
Nash N, Kuncl RW (1994) Localization of neuronal and glial gluta-
mate transporters. Neuron 13:713–725.

Rothstein JD, Van Kammen M, Levey AI, Martin LJ, Kuncl RW (1995)
Selective loss of glial glutamate transporter GLT-1 in amyotrophic
lateral sclerosis. Ann Neurol 38:73–84.

Rothstein JD, Patel S, Regan MR, Haenggeli C, Huang YH, Bergles
DE, Jin L, Hoberg MD, Vidensky S, Chung DS, Shuy VT, Bruijn LI,
Su ZZ, Gupta P, Fisher PB (2005) b -Lactam antibiotics offer neu-
roprotection by increasing glutamate transporter expression.
Nature 433:73–77.

Sari Y, Prieto AL, Barton SJ, Miller BR, Rebec GV (2010) Ceftriaxone-
induced up-regulation of cortical and striatal GLT1 in the R6/2
model of Huntington’s disease. J Biomed Sci 17:62.

Shirasaki DI, Greiner ER, Al-Ramahi I, Gray M, Boontheung P,
Geschwind DH, Botas J, Coppola G, Horvath S, Loo JA, Yang XW
(2012) Network organization of the huntingtin proteomic interac-
tome in mammalian brain. Neuron 75:41–57.

Southwell AL, Smith-Dijak A, Kay C, Sepers M, Villanueva EB,
Parsons MP, Xie Y, Anderson L, Felczak B, Waltl S, Ko S, Cheung
D, Cengio LD, Slama R, Petoukhov E, Raymond LA, Hayden MR
(2016) An enhanced Q175 knock-in mouse model of Huntington
disease with higher mutant huntingtin levels and accelerated dis-
ease phenotypes. HumMol Genet 25:3654–3675.

Spector R (1987) Ceftriaxone transport through the blood-brain bar-
rier. J Infect Dis 156:209–211.

Tanaka K, Watase K, Manabe T, Yamada K, Watanabe M,
Takahashi K, Iwama H, Nishikawa T, Ichihara N, Kikuchi T,
Okuyama S, Kawashima N, Hori S, Takimoto M, Wada K (1997)
Epilepsy and exacerbation of brain injury in mice lacking the glu-
tamate transporter GLT-1 epilepsy and exacerbation of brain in-
jury in mice lacking the glutamate transporter GLT-1. Science
276:1699–1702.

Trantham-Davidson H, Lalumiere RT, Reissner KJ, Kalivas PW,
Knackstedt LA (2012) Ceftriaxone normalizes nucleus accumbens
synaptic transmission, glutamate transport, and export following
cocaine self-administration and extinction training. J Neurosci
32:12406–12410.

Usdin MT, Shelbourne PF, Myers RM, Madison DV (1999) Impaired
synaptic plasticity in mice carrying the Huntington’s disease muta-
tion. HumMol Genet 8:839–846.

Yang J, Li MX, Luo Y, Chen T, Liu J, Fang P, Jiang B, Hu ZL, Jin Y,
Chen JG, Wang F (2013) Chronic ceftriaxone treatment rescues

Research Article: New Research 13 of 14

May/June 2020, 7(3) ENEURO.0440-19.2020 eNeuro.org

http://dx.doi.org/10.3233/jad-2007-11113
https://www.ncbi.nlm.nih.gov/pubmed/17361039
http://dx.doi.org/10.1523/JNEUROSCI.5687-08.2009
https://www.ncbi.nlm.nih.gov/pubmed/19244517
http://dx.doi.org/10.1371/journal.pone.0094562
https://www.ncbi.nlm.nih.gov/pubmed/24728353
http://dx.doi.org/10.1073/pnas.0704603104
https://www.ncbi.nlm.nih.gov/pubmed/17884983
http://dx.doi.org/10.1074/jbc.M707697200
https://www.ncbi.nlm.nih.gov/pubmed/18326497
http://dx.doi.org/10.1523/JNEUROSCI.18-21-08751.1998
https://www.ncbi.nlm.nih.gov/pubmed/9786982
https://www.ncbi.nlm.nih.gov/pubmed/7891138
http://dx.doi.org/10.1111/j.1471-4159.2009.06347.x
https://www.ncbi.nlm.nih.gov/pubmed/19694903
http://dx.doi.org/10.1006/nbdi.2001.0430
https://www.ncbi.nlm.nih.gov/pubmed/11592850
http://dx.doi.org/10.1016/j.neuroscience.2007.02.003
http://dx.doi.org/10.1523/JNEUROSCI.5113-06.2007
https://www.ncbi.nlm.nih.gov/pubmed/17442827
http://dx.doi.org/10.1002/ana.410400512
https://www.ncbi.nlm.nih.gov/pubmed/8957017
http://dx.doi.org/10.1016/j.pbb.2014.03.011
http://dx.doi.org/10.1016/j.neuroscience.2008.02.004
https://www.ncbi.nlm.nih.gov/pubmed/18353560
http://dx.doi.org/10.1046/j.1471-4159.2001.00059.x
https://www.ncbi.nlm.nih.gov/pubmed/11145989
http://dx.doi.org/10.1016/S0361-9230(01)00611-6
https://www.ncbi.nlm.nih.gov/pubmed/11704347
http://dx.doi.org/10.1523/JNEUROSCI.20-13-05115.2000
https://www.ncbi.nlm.nih.gov/pubmed/10864968
http://dx.doi.org/10.1016/j.neuron.2018.03.003
https://www.ncbi.nlm.nih.gov/pubmed/29621490
http://dx.doi.org/10.1113/jphysiol.2009.177881
https://www.ncbi.nlm.nih.gov/pubmed/19651762
http://dx.doi.org/10.1016/j.neuron.2014.03.030
https://www.ncbi.nlm.nih.gov/pubmed/24742457
http://dx.doi.org/10.1038/ncomms11251
https://www.ncbi.nlm.nih.gov/pubmed/27052848
http://dx.doi.org/10.1007/s11910-011-0215-x
https://www.ncbi.nlm.nih.gov/pubmed/21861097
http://dx.doi.org/10.1523/JNEUROSCI.4255-14.2015
https://www.ncbi.nlm.nih.gov/pubmed/25834045
http://dx.doi.org/10.1523/JNEUROSCI.3213-17.2018
https://www.ncbi.nlm.nih.gov/pubmed/29760178
http://dx.doi.org/10.3389/fncel.2019.00326
https://www.ncbi.nlm.nih.gov/pubmed/31379510
http://dx.doi.org/10.1038/nrneurol.2014.24
http://dx.doi.org/10.1016/0896-6273(94)90038-8
https://www.ncbi.nlm.nih.gov/pubmed/7917301
http://dx.doi.org/10.1002/ana.410380114
https://www.ncbi.nlm.nih.gov/pubmed/7611729
http://dx.doi.org/10.1038/nature03180
https://www.ncbi.nlm.nih.gov/pubmed/15635412
http://dx.doi.org/10.1186/1423-0127-17-62
https://www.ncbi.nlm.nih.gov/pubmed/20663216
http://dx.doi.org/10.1016/j.neuron.2012.05.024
https://www.ncbi.nlm.nih.gov/pubmed/22794259
http://dx.doi.org/10.1093/hmg/ddw212
https://www.ncbi.nlm.nih.gov/pubmed/27378694
http://dx.doi.org/10.1093/infdis/156.1.209
https://www.ncbi.nlm.nih.gov/pubmed/3110304
http://dx.doi.org/10.1126/science.276.5319.1699
https://www.ncbi.nlm.nih.gov/pubmed/9180080
http://dx.doi.org/10.1523/JNEUROSCI.1976-12.2012
https://www.ncbi.nlm.nih.gov/pubmed/22956831
http://dx.doi.org/10.1093/hmg/8.5.839
https://www.ncbi.nlm.nih.gov/pubmed/10196373


hippocampal memory deficit in AQP4 knockout mice via activation
of GLT-1. Neuropharmacology 75:213–222.

Yimer EM, Hishe HZ, Tuem KB (2019) Repurposing of the b -lactam
antibiotic, ceftriaxone for neurological disorders: a review. Front
Neurosci 13:236.

Zumkehr J, Rodriguez-Ortiz CJ, Cheng D, Kieu Z, Wai T, Hawkins C,
Kilian J, Lim SL, Medeiros R, Kitazawa M (2015) Ceftriaxone ameli-
orates tau pathology and cognitive decline via restoration of glial
glutamate transporter in a mouse model of Alzheimer’s disease.
Neurobiol Aging 36:2260–2271.

Research Article: New Research 14 of 14

May/June 2020, 7(3) ENEURO.0440-19.2020 eNeuro.org

http://dx.doi.org/10.1016/j.neuropharm.2013.08.009
https://www.ncbi.nlm.nih.gov/pubmed/23973312
http://dx.doi.org/10.3389/fnins.2019.00236
https://www.ncbi.nlm.nih.gov/pubmed/30971875
http://dx.doi.org/10.1016/j.neurobiolaging.2015.04.005
https://www.ncbi.nlm.nih.gov/pubmed/25964214

	Hippocampal Synaptic Dysfunction in a Mouse Model of Huntington Disease Is Not Alleviated by Ceftriaxone Treatment
	Introduction
	Materials and Methods
	Results
	Glutamate dynamics are altered in the Q175FDN hippocampus in response to high-frequency stimulation
	Glutamate dynamics are normal in the HD hippocampus in response to theta-burst stimulation
	Ceftriaxone negatively impacts LTP at CA3–CA1 synapses
	Effect of ceftriaxone on GLT-1 expression is age dependent

	Discussion
	Altered extracellular glutamate dynamics in the HD hippocampus in response to HFS
	Effects of ceftriaxone on synaptic plasticity, learning, and memory
	Putative age-dependent and GLT-1-independent effects of ceftriaxone

	References


