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Ceftriaxone has shown promise as a neuroprotective agent through its modulation of glutamate 
transporters, yet its precise role in chronic pain remains underexplored. This study aimed to investigate 
the central mechanisms underlying the transition to chronic pain, focusing on glutamatergic activity 
in the primary somatosensory cortex hind limb (S1HL) and posterior intralaminar thalamic nucleus 
(PIL) in a rat model. Female Wistar rats (n = 36) were randomly assigned to six groups. Neuropathic 
pain was induced using paclitaxel (2 mg/kg, administered intraperitoneally on days 0, 2, 4, and 6). 
Starting on day 27, animals received daily intraperitoneal treatment for 10 days with either ceftriaxone 
(200 mg/kg), penicillin (400,000 U/kg), clonidine (2.5 µg/kg), morphine (0.1 mg/kg), or saline (control). 
Ceftriaxone treatment significantly increased pain thresholds. Voltammetry analysis showed that 
glutamate reuptake time (T80) in the S1HL cortex, which was prolonged to approximately 8 s in the 
paclitaxel group, returned to near-normal values (3–3.5 s) with ceftriaxone. Gene expression analyses 
revealed that ceftriaxone upregulated all assessed glutamate transporters and enzymes, including GLT-
1, GLAST, EAAC1, EAAT4, GluL, and GLS. Notably, GLT-1 expression increased ~ 5-fold in the control 
group and only ~ 2-fold in the paclitaxel group. These findings suggest that ceftriaxone enhances 
glutamate reuptake and reduces excitotoxicity in the cortex, contributing to pain relief. The study 
highlights a potential role for glutamate regulation in chronic pain mechanisms and supports further 
exploration of ceftriaxone as a candidate for managing glutamate-mediated neuropathic pain. This 
aligns with the broader goals of improving neurological health and promoting innovative therapeutic 
strategies.

Keywords  Glutamate activities, Chronic pain mechanisms, Paclitaxel-induced pain, Ceftriaxone treatment, 
Glutamate reuptake

Neuropathic pain resulting from nervous system damage or dysfunction is not uncommon, and its pathobiology 
is not clear. Previous studies have suggested that nerve cell damage, altered nerve transmission, neurotransmitter 
imbalances, and nerve tissue inflammation could contribute to neuropathic pain1.

Paclitaxel-induced peripheral neuropathy affects approximately 97% of paclitaxel-treated patients2. Chronic 
paclitaxel-induced neuropathy significantly impairs patients’ long-term quality of life3 and may force dose 
reduction or discontinuation of chemotherapy, thereby limiting treatment effectiveness. Paclitaxel treatment may 
also cause acute encephalopathy4emotional distress, ataxia, and cognitive deficits5 despite its poor blood‒brain 
barrier penetration capacity6,7. Since paclitaxel is an effective chemotherapeutic agent, developing appropriate 
strategies to minimize its toxicity would result in better treatment of many cancers.

Ceftriaxone, a β-lactam antibiotic, increases GLT-1 expression in glial cells, thereby reducing synaptic 
glutamate levels. This mechanism contributes to the attenuation of neuropathic pain symptoms such as allodynia 
and hyperalgesia. Additionally, ceftriaxone prevents opioid-induced hyperalgesia and reduces glial activation8. 
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Penicillins belong to the class of β-lactam antibiotics and exert their antibacterial effect by inhibiting bacterial 
cell wall synthesis. However, there is currently no direct scientific evidence indicating that penicillin increases the 
expression of the glutamate transporter GLT-1 in the CNS to alleviate neuropathic pain symptoms. Nevertheless, 
ampicillin, which is a member of the penicillin group, has been shown to induce GLT-1 expression in vitro, 
similar to ceftriaxone9.

Opioids are among the most potent analgesics used to manage both acute and chronic pain. However, 
prolonged use often leads to a reduction in pain-relieving effectiveness, necessitating increasing doses—a 
phenomenon known as tolerance—which poses a significant challenge to effective treatment. This development 
of tolerance not only complicates pain management but is also linked to heightened pain sensitivity, called 
hyperalgesia, which has been observed in both experimental studies and clinical settings following opioid 
administration10,11.

Clonidine, an α2-adrenergic receptor agonist, has anesthetic, sedative, anxiolytic, sympatholytic, and 
analgesic effects in the clinic12. It has been shown to have strong neuroprotective effects in various models of 
cerebral hypoxia-ischemia, where excessive extracellular glutamate accumulation plays a key pathological role13. 
These neuroprotective effects are mediated through α2-adrenergic receptors. Additionally, the activation of these 
receptors on the terminals of glutamatergic neurons inhibits glutamate release14. Therefore, the glutamatergic 
system and glutamate transporters may contribute to the neuroprotective and analgesic effects of clonidine15.

The transmission of pain signals from the periphery to the nucleus is glutamatergic16. Primary afferent 
neurons located in the dorsal root ganglia carry pain signals to the spinal cord. In the dorsal horn of the spinal 
cord, second-order neurons transmit these signals via the spinothalamic tract to the thalamus. The ventral 
posterolateral (VPL) nucleus of the thalamus processes these pain signals and relays them to the cerebral 
cortex17–19. High-affinity glutamate transporters (GTs) of the SLC1A family are responsible for the transmission 
of pain and noxious sensations from the periphery to the brain. The primary GTs involved in pain transmission 
are EAAT1 (GLAST), EAAT2 (GLT-1), and EAAT3 (EAAC1)20. These transporters are expressed in both neurons 
and glial cells and are responsible for the reuptake of glutamate from the synaptic cleft, thereby maintaining 
extracellular glutamate concentrations at nontoxic levels21. Inhibition or antisense downregulation of spinal GTs 
can trigger or exacerbate pain behaviors, whereas increasing the expression of GTs through viral gene transfer or 
positive pharmacological modulators can alleviate chronic pain22.

Glutamate, the predominant excitatory neurotransmitter, and glutamate receptors seem to be involved in 
the development of central hypersensitivity. Stimulation of NMDA receptors has been linked to pathological 
hyperalgesia and allodynia, suggesting that NMDA receptor antagonists are likely useful in the treatment of 
neuropathic pain. Increasing glutamate transporter 1 (GLT-1) activity, which reduces extracellular glutamate, 
may be an important target for pain management23. NMDA-type glutamate receptors are ligand-gated ion 
channels that mediate a significant component of excitatory neurotransmission in the central nervous system 
(CNS). They are widely distributed at all stages of development and play a critical role in normal brain functions, 
including neuronal development and synaptic plasticity24. The activation of NMDARs requires simultaneous 
binding by 2 different agonists, glutamate and glycine (Gly), which are therefore known as NMDAR coagonists25.

Although glutamate changes in persistent pain have been described, their importance is not fully evident. 
It is necessary to determine whether glutamate activity contributes to central mechanisms involved in the 
development of chronic pain. Maladaptive plasticity in the somatosensory cortex and associated pain networks 
may result in neuropathic pain. However, the molecular or cellular mechanisms underlying this maladaptive 
plasticity are not clear. In the present study, we focused on the somatosensory cortex hind limb (S1HL) and 
posterior intralaminar thalamic nucleus (PIL) to compare paclitaxel-induced allodynia after different drug 
treatments and investigated the impact of varying expression levels of glutamate transporters and enzymes 
(glutaminase (GLS) and glutamine synthetase (GluL)). A review of the literature reveals that numerous studies 
have been conducted on various regions of the CNS26. These studies are particularly concentrated in the primary 
somatosensory cortex (S1), which plays a key role in pain processing. The thalamus, on the other hand, serves 
as a critical relay station for the transmission of pain signals to the cortex. Given the lack of previous studies 
utilizing in vivo voltammetry—a technique that enables real-time measurement of neurotransmitters—in these 
brain regions, we selected them for our experimental recordings.

Recent studies have highlighted the critical role of glutamate dysregulation in the pathophysiology of 
neuropathic pain26. Among the key mechanisms involved, the regulation of glutamate transporter-1 (GLT-1), 
which is responsible for clearing extracellular glutamate in the central nervous system, has gained attention as 
a promising therapeutic target. Interestingly, the β-lactam antibiotic ceftriaxone has been shown to upregulate 
GLT-1 expression at the transcriptional level, thereby reducing synaptic glutamate accumulation. Through this 
mechanism, ceftriaxone may help attenuate glutamate-mediated excitotoxicity and neuroinflammation, offering 
potential analgesic effects, particularly in neuropathic and inflammatory pain conditions9,27.

In the present study, we evaluated the role of glutamate transporters and the time taken for their reuptake 
(via in vivo voltammetry), and differences in the expression levels of glutamate transporters and enzymes were 
assessed.

Materials and methods
Experimental animals
In the present study, thirty-six female Albino Wistar rats, obtained from Atatürk University Medical Experimental 
Research and Application Center, weighing between 200 and 220 g were used. The animals were housed and kept 
in a natural day‒night environment at a room temperature of 22 °C. The study was conducted in accordance with 
ethical guidelines and regulations and approved by the “Atatürk University Health Sciences Institute Directorate 
Ethics Committee” and the “Atatürk University Animal Experiments Local Ethics Committee (AUHADYEK)” 
under reference numbers B.30.2.ATA.0.01.05/00/759 and B.30.2.ATA.023.85-10, respectively. All experiments 
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were performed in accordance with the guidelines of the Institute (Care and Use of Laboratory Animals 
Guide (8th edition, National Academies Press) and the Turkish directive on the protection of animals used for 
experimental and other scientific purposes (Ministry of Food, Agriculture and Livestock, Regulation on the 
Welfare and Protection of Animals Used for Experimental and Other Scientific Purposes, 28141). After the 
completion of the study, the animals were euthanized via an anesthetic agent (thiopental 100 mg/kg, i.p.) as 
recommended by the Turkish Ministry of Food, Agriculture and Forestry Regulation (TM-FAFR), 28141. All the 
experiments were performed according to the TM-FAFR and ARRIVE guidelines and regulations.

Chemicals
Paclitaxel (CAS number 33069-62-4), penicillin G (CAS number 113-98-4), ceftriaxone (CAS number 
104376-79-6), clonidine (CAS number 4205-90-7), and morphine (CAS number 57-27-2) were obtained from 
Sigma‒Aldrich Corporation (St. Louis, Missouri, USA).

Study plan
First, female rats were randomly divided into six groups. Baseline pain values were measured before paclitaxel was 
administered to these groups. Starting from day zero until day 6, with the exception of the saline group, the other 
five groups received 4 doses of paclitaxel intraperitoneally every other day. Between days 27 and 37, treatments 
with ceftriaxone, penicillin, clonidine, and morphine were administered. Between days 47 and 67, in vivo 
voltammetry measurements were conducted to determine the glutamate reuptake times in all the experimental 
groups. Rats that underwent voltammetry measurements between days 47 and 87 were decapitated, and their 
brain tissues were collected and marked for specific brain regions. mRNA isolation was subsequently performed 
from these brain regions, and the expression levels of the identified genes in all the tissues were measured. The 
data obtained from the tests were analyzed accordingly (Fig. 1).

Experimental groups and pain model
The experimental animals were divided into six groups of six animals in each group. Prior to paclitaxel injection 
(between 09:00 and 10:00 a.m.) to induce mechanical hyperalgesia and allodynia, baseline pain thresholds were 
determined from the hind paws of all the animals via the plantar Randall‒Selitto device to the analgesiometer test 
equipment (Ugo Basile, Italy) on different days. Mechanical hyperalgesia was measured using a Randall–Selitto 
plantar pressure device (Ugo Basile, Italy), which is a validated method for evaluating nociceptive thresholds 
in response to mechanical pressure stimuli. The stock drug (Paclitaxel®, 100  mg/17  ml) was subsequently 

Fig. 1.  Study plan. In this manner, the study plan and the tests and analyses conducted are summarized in an 
organized fashion. Throughout the research, pain threshold measurements were taken at specified intervals via 
the Randall‒Selitto method. The measurements and analyses indicated in the figure were carried out according 
to the chronological timeline provided.
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diluted to 2  mg/mL. The experimental animals were administered 2  mg/kg paclitaxel intraperitoneally (i.p.) 
on days 0, 2, 4, and 6 to induce mechanical hyperalgesia and allodynia. Thus, all the animals received a total 
of 8 mg/kg paclitaxel. The animals that received paclitaxel were divided into five groups, of which four groups 
received 400,000 U/kg/day penicillin G28200  mg/kg/day ceftriaxone292.5  µg/kg/day clonidine, or 0.1  mg/kg/
day morphine, whereas the control group received saline water i.p. The selected dosing of ceftriaxone (200 mg/
kg/day, i.p., for 10 days) was based on previously published studies demonstrating that this dosage significantly 
upregulates GLT-1 expression in the CNS and yields analgesic effects in neuropathic pain models without 
inducing toxicity29. The mechanical hyperalgesia induced by paclitaxel was assessed via the plantar Randall 
Selitto (Ugo Basile, Italy) analgesiometer test equipment as described previously30. Prior to the test, the animals 
were allowed to adapt to the environmental conditions for 20–30 min to prevent potential sensitivity to painful 
stimuli in the hind paws due to test equipment pressure. All experiments in this study were performed exclusively 
on female Wistar rats, consistent with earlier paclitaxel-induced neuropathic pain models, which show higher 
reproducibility and stability in female animals31. Additionally, paclitaxel-induced neuropathy is notably more 
prevalent and severe in women, reflecting a higher translational value of female models3. We acknowledge that 
estrogen and progesterone can modulate glutamatergic neurotransmission and pain perception. However, to 
minimize variability, we used age- and weight-matched female rats and randomly assigned them to experimental 
groups to average out estrous cycle effects. To ensure accurate results, testing was not performed on consecutive 
days in the same group (Fig. 2A).

Our previous studies revealed that the most severe mechanical hyperalgesia and allodynia occur approximately 
14 days after the first paclitaxel injection32–34. Hence, the animals were observed for 10 days (between the 30th 
and 40th days after the initiation of the study)28. Following the initiation of treatments (ceftriaxone, penicillin, 
clonidine, and morphine) on the 27th day, at least one test was conducted every week to monitor changes in pain 
thresholds in all four experimental groups (Fig. 1).

Microelectrode preparation and calibration
Microelectrode preparation and calibration were performed as described previously35,36.

Microelectrode placement
In vivo voltammetry recordings were conducted at the midpoint of the primer somatosensory cortex hind limb 
(S1HL) (AP + 2.6 mm, ML -1.92 mm, DV 1.6 mm from bregma) and posterior intralaminar thalamic nucleus 
(PIL) (AP + 2.4 mm, ML -5.8 mm, DV 4.6 mm from bregma) brain regions, following coordinates from the Rat 
Brain Atlas, Paxinos, 6th edition. The recording sites were determined, and the microelectrodes were fixed via 
a Stoelting Stereotaxic Instrument (Stoelting Co., Wood Dale, IL, USA) such that the desired brain region was 
recorded and received glutamate via the appropriate coordinates. The microelectrodes were calibrated in vitro35 
to ensure accurate measurements of glutamate reuptake time.

In vivo recording (reuptake time (T80) measurement)
The rats were positioned in a stereotaxic frame and kept at a constant temperature of 37 °C via a heating pad. 
Microelectrodes were accurately positioned in the S1HL and PIL brain regions on the basis of coordinates from 
the stereotaxic atlas. Additionally, a miniature Ag/AgCl reference electrode was placed superficially on the 
cortex. The micropipette ends were connected to a Picospritzer III apparatus (Parker Hannifin, United States) 
to control the ejection volume, and 20 nL of 200 µmol/L glutamate was introduced into the synaptic cleft. The 

Fig. 2.  Pain threshold measurement values by day. To facilitate a better understanding of the pain threshold 
values presented in (Table 2), the changes in the pain threshold values at different time periods are presented in 
this figure. Paclitaxel was administered intraperitoneally on days 0, 2, 4, and 6. Beginning on day 27, treatments 
with ceftriaxone, penicillin, clonidine, or morphine were administered for 10 consecutive days.

 

Scientific Reports |        (2025) 15:34487 4| https://doi.org/10.1038/s41598-025-08119-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


reuptake time (T80) was subsequently measured via the FAST-16 recording system, and glutamate reuptake was 
subsequently calculated36.

In vivo voltammetry data analysis
The microelectrode connected to the FAST16 recording system (Quanteon, Nicholasville, KY, USA) was used to 
measure the baseline glutamate (Glu) levels, the peak concentration of Glu (in µmol/L), and T80, which represents 
the time in seconds from the maximum peak increase to the 80% decay signal, indicating Glu clearance. The 
Glu signals measured in picoamperes (pAs) were converted to equivalent concentrations (µmol/L) via FAST16 
system software following electrode calibrations. The T80 time obtained after the registration of all the groups 
was subsequently used for statistical comparisons between the groups35.

Tissue removal
Following the in vivo voltammetry recordings, the rats were euthanized via carbon dioxide (CO2) inhalation, 
and their brains were removed and preserved at -80 °C for subsequent study. The brain regions corresponding to 
S1HL and PIL were identified, carefully dissected, and removed for further analysis.

Gene expression analysis
Total RNA isolation
RNA isolation was performed from the S1HL and PIL brain regions, which were previously marked via a 
stereotaxic device and stored at − 80 °C. Approximately 5–10 mg of brain tissue was collected and placed into 2 cc 
tubes. To these tissues, 1 cc of QIAzol (Qiagen, Hilden, Germany) was added, and the samples were homogenized 
using a TissueLyser (Qiagen, Hilden, Germany) with mechanical shaking. Following homogenization, 200 µL of 
chloroform was added to the samples and incubated for 1 min. Subsequently, the homogenates were centrifuged 
at 12,000 × g for 15 min at 4 °C, and the supernatants were collected. RNA was isolated from the supernatants 
using the RNeasy Lipid Tissue Mini Kit 50 (Qiagen, Hilden, Germany) with the QIAcube system (Qiagen, 
Hilden, Germany) according to the manufacturer’s instructions. The RNA concentration was determined using 
a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).

cDNA synthesis
cDNA synthesis was carried out via the QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) 
following the manufacturer’s protocol. A LightCycler Nano real-time PCR system (Roche Diagnostics, 
Mannheim, Germany) was used for this process. The concentration of the synthesized cDNA was measured 
using a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).

Relative quantification of gene expression
The expression levels of the Slc1a1 (EAAC1), Slc1a2 (GLT-1), Slc1a3 (GLAST), Slc1a6 (EAAT4), Gls 
(glutaminase), and GluL (glutamine synthetase, GS) genes were analyzed. TaqMan® probe-based technology 
was used for qPCR analysis using the LightCycler Nano real-time PCR system (Roche Diagnostics, Mannheim, 
Germany). The cDNA probes used for the analysis of various genes are listed in (Table 1).

The results obtained are expressed relative to the expression levels in the control animals. β-actin expression 
levels were used as the endogenous control for each brain region. The qPCRs were performed in triplicate for 
each target and reference gene via 2 µL of cDNA (300 ng), 1 µL of primer probe mix, and 10 µL of DNA probes 
master mix in a total volume of 20 µL per reaction. The tubes were subjected to heating at 50 °C for 2 min and 
95 °C for 10 min, followed by 45 cycles of 15 s at 95 °C and 60 s at 60 °C. All the data obtained were expressed as 
proportional changes via the 2−ΔΔCt method36,37.

Statistical analyses
The data obtained are presented as the mean ± standard deviation (SD). Statistical analyses were performed via 
the SPSS 17.0 program. The normality of the data was tested via the Shapiro‒Wilks test. For normally distributed 
data, one-way ANOVA followed by the post hoc Tukey test was used, and a significance level of P < 0.05 was 
considered to indicate statistical significance.

Name Gene symbol Assay ID.

EAAC1 Slc1a1 Rn00564705_m1

GLT1 Slc1a2 Rn00691548_m1

GLAST Slc1a3 Rn00570130_m1

EAAT4 Slc1a6 Rn00583283_m1

Glutamine synthetase GluL Rn01483107_m1

Glutaminase GLS Rn00561285_m1

β-actin Actb Rn00667869_m1

Table 1.  Gene information whose expression levels are measured.
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Results
Chronic pain consequences
In this study, a total of thirty-six animals were assigned to each of the following groups: the control group, the 
paclitaxel group, and the four treatment groups.

Paclitaxel was administered intraperitoneally on days 0, 2, 4, and 6. Starting from the 27th day, different drug 
treatments were applied for a duration of 10 days. The efficacy of the drugs (ceftriaxone, penicillin, clonidine, 
and morphine) was assessed on the 1st (37th ), 10th (47th ), 30th (67th ), and 50th (87th ) days following the 
end of treatment. All measurements were recorded in grams. In Table 2, the average pain threshold values and 
statistical results obtained are given, while Fig. 2 illustrates the within-group pain threshold changes over time.

The results shown in Fig. 2 clearly revealed that the pain levels in the paclitaxel-induced experimental animals 
were reduced after treatment with ceftriaxone. The analgesic effect of paclitaxel became evident 20 days after four 
doses were administered [F (5,30) = 172,49, p = 0,000]. Pain threshold tests were conducted on days 47, 67, and 
87. The allodynic effect of paclitaxel persisted in all tests, and the analgesic effects of the drugs (ceftriaxone, 
penicillin, clonidine and morphine) continued on the 47th and 67th days when voltammetry studies were 
conducted [for the 47th and 67th days, respectively, F (5,30) = 36,79, p = 0,000; F (5,30) = 47,22, p = 0,000].

According to the results in Table 2, the analgesia measurements in the control group remained unchanged, 
whereas the pain threshold values in the five groups injected with paclitaxel decreased significantly [F 
(5,30) = 112,67, p = 0,000]. This decrease was most pronounced on the 37th day after the injection of paclitaxel [F 
(5,30) = 112,67, p = 0,000]. The administration of drugs during the treatment process was expected to return pain 
to the prepaclitaxel level. Table 2 indicates that pain sensitivity thresholds returned to prepaclitaxel levels after 
10 days of drug (ceftriaxone, penicillin, clonidine, and morphine) treatment starting on day37 [F (5,30) = 36,79, 
p = 0,000]. On the 50th (87th) day after treatment, the pain threshold of the treatment groups returned to the 
values before treatment [F (5,30) = 149,08, p = 0,000].

Voltammetry results
Glutamate reuptake times were determined in the S1HL and PIL brain regions. These reuptake times were 
determined to be approximately 8 s in the paclitaxel group, where a pain model was created in the S1hl rat brain 
region, whereas this period was measured to be approximately 3 s in the control group. In the treatment groups, 
this reuptake time was significantly accelerated, although it did not decrease to the level of the control group 
(Fig. 3D). The reuptake times measured in the PIL brain region are shown in (Fig. 3E).

Real-time PCR
The gene expression levels of glutamate transporters and enzymes related to glutamate metabolism in the S1HL 
and PIL brain regions were assessed via the 2−ΔΔCt method (Fig. 2).

Paclitaxel significantly slowed glutamate reuptake in the S1HL region compared with that in the control 
group, with reuptake times of approximately 8 s in the S1HL region [F (5,87) = 25.27, p = 0,000] and approximately 
5  s in the PIL region [F (5,82) = 7,97, p = 0,000]. However, treatment with these drugs (ceftriaxone, penicillin, 
clonidine, and morphine) significantly accelerated glutamate reuptake in the S1HL region. The reuptake time in 
the morphine-treated group was 3.67 s, whereas in the other treatment groups, it ranged between 5 and 6 s. In 
the PIL brain region, the reuptake time was approximately 4 s in all the treatment groups except for the clonidine 
treatment group. Interestingly, there was no significant difference in glutamate reuptake between the paclitaxel 
group and the other treatment groups in the PIL brain region.

As shown in Fig. 4A, the expression of GLT-1 increased in the S1HL region due to the effect of paclitaxel, and 
the expression of GLT-1 in the S1HL region was more similar to that in the control group after treatment with 
clonidine, penicillin, or morphine. However, paclitaxel did not significantly alter GLT-1 expression in the PIL 
region, whereas penicillin and ceftriaxone administration increased these rates.

As shown in Fig. 4B, paclitaxel led to a decrease in GLAST gene expression in both the S1HL and PIL regions. 
Clonidine treatment did not significantly affect these regions. Ceftriaxone caused a significant increase (P < 0.05) 
in the S1HL region and partially reversed the decrease caused by paclitaxel in the PIL region toward control 
values. Morphine treatment reversed the changes in the expression of both the S1HL and PIL regions.

As shown in Fig. 4C, there was a significant (P < 0.05) decrease in EAAC1 glutamate transporter expression 
in the PIL region in the paclitaxel group compared with the control group, whereas no significant change was 

Groups
Control
n = 6

Paclitaxel
n = 6

Paclitaxel + Clonidine
n = 6

Paclitaxel + Penicillin
n = 6

Paclitaxel + Ceftriaxone
n = 8

Paclitaxel + Morphine
n = 8

0th day 75 ± 6 76 ± 5 65 ± 4 68 ± 5 73 ± 9 71 ± 10

6th day 73 ± 8 62 ± 3* 44 ± 4# 56 ± 5 56 ± 4 47 ± 5

27th day 81 ± 6 33 ± 4* 42 ± 3* 22 ± 3* 56 ± 5* 21 ± 4*

37th day 79 ± 7 27 ± 5* 30 ± 4 22 ± 4 39 ± 4 29 ± 5

47th day 80 ± 8 35 ± 4* 73 ± 6# 69 ± 6# 72 ± 6# 72 ± 8#

67th day 70 ± 5 28 ± 5* 67 ± 7# 56 ± 4# 65 ± 4# 62 ± 7#

87th day 71 ± 4 41 ± 7* 20 ± 4 52 ± 3 20 ± 3 17 ± 4

Table 2.  Results of the pain sensitivity (thresholds) test with an analgesiometer (Randall Selitto). Statistical 
significance is denoted as *P < 0.05 compared with the control group and #P < 0.05 compared with the 
paclitaxel group. The unit of measurement is grams.
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observed in the S1HL region. Compared with that in the paclitaxel group, the PIL brain region in the treatment 
groups was increased. There was no significant difference in these parameters between the clonidine treatment 
group and the other treatment groups (P < 0.05). In the S1HL brain region, a significant (P < 0.05) increase was 
observed in the ceftriaxone treatment group, whereas the penicillin and morphine treatment groups presented 
a significant decrease (P < 0.05).

As shown in Fig. 4D, the rate of change in EAAT4 expression in the S1HL brain region was approximately 
2.5 times greater in the paclitaxel-treated group than in the control group. Clonidine, penicillin, and morphine 
treatments decreased these rates to the values of the control group. In the ceftriaxone-treated group, this 
percentage further increased up to 5-fold. In the PIL brain region, no significant difference was observed 
between the paclitaxel-treated group and the control group. This change increased approximately 1.7-fold in the 
penicillin and ceftriaxone treatment groups.

Figure 4E shows a significant (P < 0.05) increase in glutamine synthetase gene expression in both the S1HL and 
PIL brain regions due to the effect of paclitaxel. No significant changes were detected in the S1HL brain regions 
in the penicillin and ceftriaxone treatment groups. However, a significant (P < 0.05) decrease was observed in the 
clonidine and morphine treatment groups. In the PIL brain region, a significant (P < 0.05) increase was observed 
in the ceftriaxone-treated group compared with the paclitaxel-treated group, whereas a significant (P < 0.05) 
decrease was observed in the penicillin-treated group compared with the paclitaxel group.

Finally, as shown in Fig. 4F, paclitaxel reduced the rate of glutaminase expression in both regions (S1HL and 
PIL). However, penicillin, ceftriaxone, and morphine treatments abolished this proportional decrease.

Fig. 3.  Reuptake times of brain regions (T80). (A) Sagittal section of the rat S1HL and PIL brain regions. (B) 
Schematic of the coronal section of the S1HL region, while (C) represents the PIL region. (D) and (E) depict 
the glutamate reuptake times (T80) obtained from in vivo voltammetry analyses of the S1HL and PIL brain 
regions. The uptake times are presented as the means ± standard deviations. To evaluate the results, one-way 
ANOVA with Tukey’s test was used, and p < 0.05 was considered to indicate statistical significance. (*) The 
results for the control group are provided, while (#) the results for the paclitaxel group are shown.
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Fig. 4.  Gene expression in all groups by brain region (S1HL, PIL). (A) SLC1A2 gene expression analysis of 
the GLT-1 glutamate transporter. (B) Results of SLC1A3 gene expression analysis for the GLAST glutamate 
transporter. (C) SLC1A1 gene expression analysis of the EAAC1 glutamate transporter. (D) SLC1A6 gene 
expression analysis of the EAAT4 glutamate transporter. (E) Glul gene expression analysis of the glutamine 
synthetase enzyme. (F) Results of Gls gene expression analysis for glutaminase. All the results are presented 
as the means +/- standard deviations (SDs) for the reuptake times (T80). One-way ANOVA with Tukey’s post 
hoc test was used for the analyses. The ANOVA results for the S1HL brain region were as follows: GLT-1, F 
(5,12) = 280,11, p = 0,000; GLAST, F (5,12) = 302,59, p = 0,000; EAAC1, F (5,12) = 1374,98, p = 0,000; EAAT4, F 
(5,12) = 546,59, p = 0,000; glutamine synthetase, F (5,12) = 290,23, p = 0,000; and glutaminase, F (5,12) = 115,51 
p = 0,000. The PIL brain regions were as follows: GLT-1, F (5,12) = 78,67, p = 0,000; GLAST, F (5,12) = 158,96, 
p = 0,000; EAAC1, F (5,12) = 78,47, p = 0,000; EAAT4, F (5,12) = 151,07, p = 0,000; glutamine synthetase, F 
(5,12) = 239,38, p = 0,000; and glutaminase, F (5,12) = 24,47 p = 0,000. Differences were considered significant at * 
P < 0.05 compared with the control and # P < 0.05 compared with paclitaxel.
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Discussion
This study aimed to investigate the roles of glutamate transporters in the molecular mechanisms of chronic pain 
and the effects of drugs targeting this transport system for pain treatment. Neuropathic pain is caused by nerve 
damage that disrupts signal transmission. Various factors, such as diabetes, trauma, infections, or neurological 
disorders, are associated with neuropathy38. The relationship between pain and glutamate is crucial for the 
development of reasonable therapeutic approaches to manage neuropathic pain and chronic pain.

Glutamate plays a significant role in normal neuronal function, but increased levels of glutamate can be 
harmful. Extracellular glutamate levels are regulated by the glutamate transporters GLT1/EAAT2 located on 
astrocyte cell membranes. In chronic pain conditions, including neuropathic pain, downregulation of GLT1 and 
loss-of-function variants have been reported21.

In the present study, drugs that enhance glutamate removal from the extracellular environment were tested 
for their potential to accelerate the clearance of glutamate from the synaptic gap (Fig. 3). These drugs, which 
increase glutamate transporter activity, had positive clinical effects on Randall-Selitto pain tests, as they raised 
pain thresholds and approached normal levels, similar to those in the control group (Table 2). Functionally, the 
clearance time of glutamate from the synaptic gap (T80) was extended by at least 50% in the paclitaxel-treated 
groups (Fig.  3). This functional delay in glutamate clearance could contribute to the persistence of elevated 
glutamate levels in the extracellular environment, resulting in a decrease in pain threshold values (allodynia) 
in experimental animals approximately 20 days after paclitaxel administration (Table  2), as shown by the 
Randall‒Selitto test. These findings suggest that paclitaxel-induced allodynia is associated with increased levels 
of synaptic glutamate, which could be attributed to nerve damage contributing to neuropathic pain31.

β-lactam antibiotics, such as penicillin, increase the expression of the glutamate transporter GLT-1 in the 
central nervous system. An increase in GLT-1 reduces excitotoxicity by reducing synaptic glutamate levels and is 
effective in pain modulation9. However, this effect may take time; the increase in GLT-1 levels may have continued 
after treatment ended and may have become effective on day 47. Therefore, while the pain threshold was still 
low on day 37, a significant improvement may have been observed on day 47. Another possible explanation 
could be related to the pharmacological properties of penicillin. Penicillins do not readily cross the blood‒brain 
barrier; however, they may exert indirect central effects by modulating the expression of transporter proteins in 
brain endothelial and glial cells39. These indirect mechanisms typically require time to become effective, which 
could explain the delayed therapeutic response observed after the treatment period. Similarly, ceftriaxone, like 
penicillin, is a β-lactam antibiotic that can increase the expression of the glutamate transporter GLT-1 in the 
central nervous system, thereby reducing synaptic glutamate levels. However, the translation of this molecular 
effect into clinical analgesia may require time. In the case of prolonged morphine use, the development of opioid 
tolerance followed by rebound effects after drug discontinuation may transiently enhance the analgesic response 
(Fig. 2). On day 87, except for the penicillin-treated group, the pain thresholds decreased in the other treatment 
groups, including those receiving morphine, ceftriaxone, and clonidine. This decline may indicate the loss of the 
drugs’ therapeutic effects over time.

To understand the molecular mechanisms involved in the alleviation of neuropathic pain, we conducted gene 
expression analyses, which revealed that upregulation of the GLT-1 transporter in the somatosensory cortex 
(S1HL) and thalamic nuclei results in increased glutamate uptake by astrocytes. This results in an increase in 
glutamate levels in the intercellular fluid, resulting in an increase in the expression of glutamine synthetase and 
leading to a reduction in extracellular glutamate levels. As a consequence, increased glutamine is transported 
to presynaptic neurons. However, we observed a suppression of the conversion of glutamine back to glutamate, 
as evidenced by the decreased expression of the glutaminase enzyme (Fig. 4F) by paclitaxel in the S1HL region. 
Thus, paclitaxel appears to increase the expression of GLT-1 in the S1HL region, causing astrocytes to take up 
excess glutamate (Fig. 2A), with no significant change in the PIL region, which may aid in the conversion of 
excess glutamate to be taken up by astrocytes (Fig. 4E).

The glial glutamate transporter GLT1 plays a crucial role in neuropathic pain. Nerve damage is responsible 
for changes in glutamatergic transmission in the spinal cord and various supraspinal regions40. At sites of 
inflammation, the initial increase in GLT1 activity depends on the degree of injury and contributes to slowing 
the development of hyperalgesia41. However, this initial upregulation is followed by downregulation of GLT1, 
which promotes the facilitation of reduced network transmission as the injury persists, leading to persistent 
pain26. Studies revealed that GLT1 expression in the superficial dorsal horn was reduced, suggesting that targeted 
restoration of GLT1 expression may constitute a promising approach for the treatment of chronic neuropathic 
pain42suggesting that GLT-1 could serve as a potential therapeutic target for pain management42–45.

The anti-neuropathic pain action of ceftriaxone is associated with the upregulation of GLT1 in the spinal 
cord. Previous studies have demonstrated that repeated intraperitoneal (i.p.) injections of ceftriaxone (200 mg/
kg) for five days significantly alleviate both mechanical and thermal pain hypersensitivity42. Ceftriaxone also 
relieves trigeminal neuropathic pain (TNP) by suppressing plasticity42. In the present study, an increase in the 
expression of these genes (GLT-1, GLAST, EAAC1 and EAAT4) led to increased expression of all the analyzed 
GLT-1 glutamate transporters, with a 4.5-fold increase in expression; GLAST, with a 1.5-fold increase; EAAC1, 
with a 1.6-fold increase; and EAAT4, with an approximately 5-fold increase, compared with those in the control 
group (Fig.  4A). These increases were more pronounced in the ceftriaxone-treated group than in the other 
treatment groups. In the ceftriaxone group, excess glutamate induced an approximately 2-fold increase in the 
expression of GS, which resulted in increased glutamine levels in presynaptic neurons, leading to a 1.3-fold 
increase in glutaminase expression. Thus, ceftriaxone treatment increases the levels of all glutamate transporters 
and the levels of glutamine synthetase and glutaminase in a glutamate-dependent manner.

In the present study, all the treatments were administered to the experimental groups for a duration of 10 
days (27–37 days). In the clonidine treatment group, the pain threshold decreased to 42 g on the 27th day and 
decreased to 30 g on the 37th day. The beneficial effect of clonidine was significant only 20 days after the start of 

Scientific Reports |        (2025) 15:34487 9| https://doi.org/10.1038/s41598-025-08119-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


treatment, specifically on the 47th day. However, this therapeutic effect of the drug completely disappeared in 
the other treatment groups, and the pain threshold decreased again (Table 2). On the 87th day, pain persisted 
in the paclitaxel group. We propose that clonidine directly reduces the effect of glutaminase by increasing the 
production and release of glutamate, as its generation decreases in neurons. Owing to the decreased glutamate 
level in the synaptic cleft, GLT-1 expression decreases; thus, the expression of glutamine synthetase is likely 
to decrease. Similarly, the levels of the glutamate transporter EAAT4, which is predominantly located in 
postsynaptic neurons46are decreased 3-fold (Fig. 4D) in response to paclitaxel. GLT-1 expression is increased in 
the S1HL region, and astrocytes effectively take up excess glutamate (Fig. 4A), with no change in the PIL region 
in response to paclitaxel treatment.

GLAST, the astrocytic glutamate transporter47has been implicated in the regulation of excitatory synaptic 
activity and nociceptive responses in inflammation-induced paw pain48. Decreased GLAST expression has 
been associated with reduced CSF glutamate concentrations and antinociceptive effects48. In the present study, 
paclitaxel administration led to a decrease in the GLAST gene expression rate. However, compared with the 
control, ceftriaxone treatment increased this expression rate to normal levels and elevated it by 50% in the S1HL 
brain region. While the GLAST gene expression rates reached normal levels in the penicillin and morphine 
treatment groups, the expression levels did not reach normal levels in the clonidine treatment group.

Additionally, excessive glutamate in the S1HL region might contribute to a 3-fold increase in the expression 
level of the postsynaptic glutamate transporter EAAT4, potentially accelerating postsynaptic transmission. We 
propose that the effect of EAAT4 on pain transmission could be related to glutamate release into postsynaptic 
neurons. According to the voltammetry analysis results, the synaptic clearance time (T80) for glutamate in the 
S1HL region was 3.38 s in the control group and 8.18 s in the paclitaxel group, indicating a significant delay. 
This could be a key factor in the development of neuropathic pain caused by paclitaxel, which returned to near-
normal values in the treatment groups.

In the present study, penicillin had no effect on glutamate levels but increased the expression of glutamine 
synthetase and decreased the expression of glutaminase (Fig. 4D,E). As a result, synaptic glutamate levels are 
reduced to physiological levels, leading to decreased expression of GLT-1, GLAST, EAAC1, and EAAT4 (during 
the pathological study conducted between the 47th and 67th days).

The effectiveness of morphine treatment was evident, as it restored the synaptic clearance time of glutamate 
to physiological levels (Fig. 3). The expression levels of excitatory amino acid transporters were also found to 
be at the physiological level. Morphine treatment successfully reversed the abnormalities caused by paclitaxel, 
reverting them to normal. According to the voltammetry results, the glutamate clearance time, which was 
8.18 ± 1.33  s after paclitaxel administration, decreased to 3.67 ± 0.82  s, which was close to the physiological 
level following morphine treatment. Although morphine may not directly affect the glutamatergic system, it 
appears to indirectly influence it. The reduction in glutamate activity following morphine treatment may have 
contributed to pain alleviation. Morphine exerts its pain-relieving effects, at least in part, through the Sigma-1 
receptor, which interacts with other targets, such as the NMDA receptor49. Thus, morphine may decrease 
presynaptic glutamate release, leading to reduced glutamate transport needs and a return to normal clearance 
times that contribute to its pain-relieving action50.

Glutaminase converts glutamine to glutamate51. In neuropathic pain, elevated glutamate levels are observed 
in the synaptic cleft52. Wang et al.. (2016) reported that glutaminase-1 (GLS1) expression is significantly elevated 
in the CPSP group compared with the non-CPSP group53. Binns et al.. reported that spinal nerve ligation (SNL) 
led to reduced glutamate uptake activity extending into the deep dorsal and ventral horns54.

In the present study, we observed that ceftriaxone increased the pain threshold by increasing the reuptake 
time (T80) in the S1HL cortex region, which upregulated the gene expression of glutamate transporters and 
related enzymes in astrocytes, especially in the S1HL region. Interestingly, in the ceftriaxone treatment group, 
the expression of GLT-1, the primary glutamate transporter, was increased compared with that in the paclitaxel 
group. This increase in gene expression corresponded to the restoration of the reuptake time. These findings 
support the findings of previous studies36suggesting that ceftriaxone could be employed as a new therapeutic 
strategy to alleviate glutamate-induced pain. However, the long-term use of ceftriaxone, particularly for 
nonantibacterial indications, carries significant risks, such as potential adverse effects and the development 
of antibiotic resistance. Therefore, its application in the treatment of chemotherapy-induced neuropathic pain 
should be carefully evaluated. Although its ability to enhance GLT-1 expression presents a potential therapeutic 
advantage, a cautious approach should be adopted in clinical settings, considering the lack of long-term safety 
data and the importance of a thorough benefit-risk assessment.

In conclusion, the effects of different pharmacological agents on the glutamate transport system were 
investigated at both the molecular and behavioral levels in this study, and the central role of GLT-1 in the 
regulation of neuropathic pain was revealed. The significant therapeutic effect of Ceftriaxone supports the 
evaluation of this transporter as a potential target. However, the limitations of long-term antibiotic use and the 
limited efficacy of other agents reveal the need to develop new and specific GLT-1 modulators. Future studies to 
confirm these mechanisms in human-based models and clinical settings are important.

Limitations and future directions
While the study comprehensively integrates functional and transcriptional data, key limitations include the 
reliance on mRNA levels without protein confirmation (e.g., via Western blot or IHC) and the lack of causal 
evidence linking transporter expression directly to pain reversal. Hence, additional studies are warranted in this 
direction.
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The datasets used and/or analysed during the current study available from the corresponding author on reason-
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