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Abstract

Aims—Emotional stress plays a role in the exacerbation and development of interstitial cystitis/

bladder pain syndrome (IC/BPS). Given the significant overlap of brain circuits involved in stress, 

anxiety, and micturition, and the documented role of glutamate in their regulation, we examined 

the effects of an increase in glutamate transport on central amplification of stress-induced bladder 

hyperalgesia, a core feature of IC/BPS.

Methods—Wistar-Kyoto rats were exposed to water avoidance stress (WAS, 1 hour/day × 10 

days) or sham stress, with subgroups receiving daily administration of ceftriaxone (CTX), an 

activator of glutamate transport. Thereafter, cystometrograms were obtained during bladder 

infusion with visceromotor responses (VMR) recorded simultaneously. Cerebral blood flow (CBF) 

mapping was performed by intravenous injection of [14C]-iodoantipyrine during passive bladder 

distension. Regional CBF was quantified in autoradiographs of brain slices and analyzed in 3D 

reconstructed brains with statistical parametric mapping.

Results—WAS elicited visceral hypersensitivity during bladder filling as demonstrated by a 

decreased pressure threshold and VMR threshold triggering the voiding phase. Brain maps 

revealed stress effects in regions noted to be responsive to bladder filling. CTX diminished 

visceral hypersensitivity and attenuated many stress-related cerebral activations within the 

supraspinal micturition circuit and in overlapping limbic and nociceptive regions, including the 

posterior midline cortex (posterior cingulate/anterior retrosplenium), somatosensory cortex, and 

anterior thalamus.
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Conclusions—CTX diminished bladder hyspersensitivity and attenuated regions of the brain 

that contribute to nociceptive and micturition circuits, show stress effects, and have been reported 

to demonstrated altered functionality in IC/BPS patients. Glutamatergic pharmacologic strategies 

modulating stress-related bladder dysfunction may be a novel approach to the treatment of IC/

BPS.
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1. Introduction

Interstitial cystitis/bladder pain syndrome (IC/BPS) is a chronic bladder pain disorder 

associated with urinary frequency affecting up to 7 million women per year. The majority of 

these patients report pain beyond the pelvis and 38% experience widespread pain.1 Its 

pathophysiology is poorly understood and current treatments are ineffective. Physical and 

emotional stress plays a role in the exacerbation, and possibly in the development of IC/

BPS.2–7 Recently, a large multisite research network study (multidisciplinary approach to 

the study of urologic chronic pelvic pain syndrome, MAPP) has demonstrated that IC/BPS 

patients have multiple psychosocial difficulties and high levels of lifetime/current stress 

when compared to controls, and stress correlates to worsening of symptoms.5, 8 This has led 

to a disease conceptualization in which IC/BPS and other often coexisting functional pain 

disorders can be viewed as a cluster of biological endophenotypes which appear to be stress 

sensitive 6, 9–13, with a possible abnormality in sensory gating.14, 15 Consistent with this, the 

MAPP research network has recently identified potential central biological markers for IC/

BPS, which include functional alterations in a sensorimotor network, abnormal connectivity 

of posterior medial cortex, and brain microstructural changes associated with chronic pain, 

bladder function, and symptom severity.16–24

Our prior work 25–29 has employed a reverse translational rodent model that parallels the 

clinical phenotype of IC/BPS, in particular the role of chronic stress in the development and 

maintenance of urinary symptoms and bladder hypersensitivity, 2, 30–34 as well as general 

pain sensitivity in susceptible individuals predisposed to anxiety.8, 35–39 In this model, we 

have demonstrated that chronic water avoidance stress (WAS) leads to urinary frequency, 

bladder hyperalgesia, and increased somatosensory nociceptive reflex responses that persist 

up to 1 month following removal of the stressor. In addition, WAS rats compared to control 

animals show a heightened activation of the posterior cingulate/anterior retrosplenial cortex 

to bladder distension 29, a brain region previously demonstrated to show altered functional 

brain connectivity in a cohort of patients with urologic chronic pelvic pain syndrome 

(UCPPS).19

There is overwhelming preclinical evidence that modulation of glutamate alters pain 

thresholds.25, 40–43 Clinically, a number of chronic pain syndromes demonstrate increases in 

glutamate in brain regions associated with pain and stress modulation.44–49 GLT-1 (human 

homologue EAAT-2) is the quantitatively dominant glutamate transporter in mammals and is 
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mainly expressed by astrocytes. Decreased expression of glial GLT-1 in areas of the brain 

and spinal cord following stress is hypothesized to be a major factor influencing chronic 

pain, as well as mood disorders, depression, and other psychiatric conditions.40, 50–54 Recent 

data suggests that enhanced glutamate uptake reduces visceral pain responses, both in GLT-1 

overexpressing mice and following administration of ceftriaxone or riluzole, activators of 

GLT-1.41, 55–57 In fact, glutamate neurotransmission has been shown to play a role in the 

pathophysiology of bladder hyperalgesia in the WAS model of IC/BPS.25 In this model, 

stress induced bladder hyperalgesia and increased urinary frequency correlated with 

decreases in spinal GLT-1 expression. Similarly, administration of dihydrokainate, an 

inhibitor of the GLT-1 transporter, resulted in visceral hyperalgesia. In contrast, when GLT-1 

expression was increased via administration of intraperitoneal ceftriaxone, there was an 

attenuation of pre-existing pain and voiding dysfunction. Based on these findings, the 

current study examined the effects of glutamate modulation by CTX administration during 

WAS exposure on the subsequent development of stress-induced bladder hyperalgesia and 

its effects on micturition and nociceptive circuits.

2. Methods

2.1. Animals

Adult, female Wistar-Kyoto (WKY) rats (strain 008, Charles River, Wilmington, MA, USA), 

a high anxiety strain predisposed to stress were studied. 25, 27, 58 Rats were housed in groups 

of two under standard vivaria conditions (lights on from 7 a.m. to 7 p.m.), with direct 

bedding, and with ad libitum access to food (Laboratory Rodent Diet 5001, Constant 

Nutrition) and water (internal reverse osmosis system). Female rats were the primary focus 

as the prevalence of IC/BPS is greatest in women.59 Experimental procedures were 

conducted in accordance with the National Research Council Guide for the Care and Use of 

Laboratory Animals and were approved by the Institutional Animal Care and Use 

Committee of the University of Southern California. 60

2.2. Water avoidance stress

Methods have been previously published in detail. 25, 29 WAS involved placing the rats for 1 

hr./day over 10 days on a pedestal in a water-filled tank.58, 61, 62 Controls included sham 

animals exposed to handling only and kept in its home cage in the experimental room for 1 

hr./day. One hour prior to being exposed to WAS or the control condition (WAS-CTX, n=10, 

13.6 +/− 0.5 weeks; SHAM-CTX, n=10, 13.4 +/− 0.5 weeks), animals received CTX, a β-

lactam antibiotic that increases GLT-1 expression (Sigma-Aldrich, St. Louis, MO, 200 

mg/kg, i.p. in a volume of 333 mg/ml). The dose of CTX was based on our prior work.25 

Comparison was made to animals that did not receive CTX (WAS, n=7, 12.3 +/− 0.4 weeks; 

SHAM, n=7, 13.3 +/− 0.4 weeks). All results of CTX treatment were compared to 

previously published results of WAS vs. SHAM groups. 29

2.3. Surgical procedures

One day after completion of the WAS protocol and final administration of CTX, rats 

received placement of an external jugular vein catheter under isoflurane anesthesia (1.5–

2%). Forty mg/mL of α-chloralose (Sigma Aldrich, St. Louis, MO, USA) was dissolved in 
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20% β-cyclodextrin (Sigma Aldrich, St. Louis, MO, USA) and administered intravascularly 

as a bolus (40 mg/kg). We chose light sedation using α-chloralose because of its favorable 

profile in maintaining cerebral function intact 63 as compared to isoflurane 64, 65 or urethane.
66 Isoflurane anesthesia was maintained at 1% for 30 minutes to allow the α-chloralose to 

take effect. Two fine and insulated silver wire electrodes (0.05 mm diameter, A-M Systems, 

Everett, WA, USA) with exposed tips were embedded into the left abdominal external 

oblique muscle for recording of the visceromotor response (VMR, 1kHz sampling rate). A 

PE-50 catheter was inserted into the bladder through the urethra. The bladder catheter was 

connected to an infusion pump (KD Scientific) and a pressure sensor (MP150, Biopac 

Systems Inc., Goleta, CA, USA) via a 3-way connector.

2.4. Measurement of CMG and VMR recordings

After completion of the surgical procedures, the animals were maintained under conscious 

sedation with α-chloralose infusion (15 mg/kg/hr, i.v.). Recordings were begun 1 hour after 

discontinuation of isoflurane anesthesia. To obtain the cystometrogram (CMG), the bladder 

was continuously infused with room temperature normal saline (0.9%, 0.1 mL/min) via the 

urethral catheter and attached pressure sensor, with the animal allowed to void 

spontaneously per urethra around the catheter. Data were recorded by a data acquisition 

system (MP150, Biopac Systems Inc., Goleta, CA, USA) and analyzed using 

AcqKnowledge® 4.1 (Biopac Systems Inc., Goleta, CA, USA). Three consecutive voiding 

cycles were recorded and the following parameters were obtained: latency to void or leak 

(LV), maximum intravesical pressure (IVPmax), and pressure threshold to void or leak (PT). 

PT was defined as the intravesical pressure before a reflex voiding contraction or the 

pressure prior to a leak as previously described and illustrated in the WAS animal model.26 

Bladder capacity was calculated from the first void (bladder empty) to the next void as 

latency × infusion rate (0.1mL/min). The pressure in the bladder that evoked a VMR 

response (VMR threshold, cmH2O) was recorded for each animal, and the normalized ratio 

of VMR threshold/IVPmax was calculated. Data was expressed as means (± standard errors). 

A non-parametric Mann-Whitney test was used for the between group analysis (P<0.05) 

using GraphPad Prism 7 (GraphPad Software Inc., LaJolla, CA, USA).

2.5. Functional Brain Mapping

After completion of the CMG, intrabladder distension was performed. The urethra was 

occluded with a 5–0 silk suture and the animal was allowed to accommodate for 30 minutes. 

Using a saline-filled reservoir, the bladder was distended to a pressure of 20cmH2O. [14C]-

iodoantipyrine (100 μCi/kg, American Radiolabelled Chemicals, Inc., St. Louis, MO, USA) 

was bolus infused at 45 seconds following bladder distension and in the absence of a VMR 

response. Radiotracer administration was immediately followed by infusion of a euthanasia 

solution (pentobarbital 50 mg/mL, 3M KCl), which resulted in cardiac arrest within 10s, a 

rapid fall of arterial blood pressure, termination of brain perfusion, and death.67 This 10s 

time window provided the temporal resolution during which the distribution of rCBF-related 

tissue radioactivity was mapped.

2.5.1. Autoradiography—Brains were flash frozen and serially sectioned (60 coronal 

20- μm slices, 300- μm interslice distance). Autoradiographic images along with [14C] 
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standards (Amersham Biosci.) were digitized and CBF-related tissue radioactivity was 

measured. 68–70. The [14C]- iodoantipyrine method has an estimated spatial resolution of 

100 μm.71

2.5.2. Statistical Parametric Mapping—3-D brains were reconstructed and spatially 

normalized to a template, then analyzed using statistical parametric mapping (SPM-5) 72 as 

per our prior methods.73 Changes in rCBF were analyzed with voxel-wise factorial analysis 

and t-tests (P<0.05, with >100 contiguous voxels considered statistically significant).73 We 

first ran a factorial analysis, equivalent to running an analysis of variance (ANOVA) test at 

each voxel, to identify rCBF changes reflecting main effects of “Stress”, “Ceftriaxone”, and 

“Stress × Ceftriaxone” interaction. To further delineate direction of those rCBF changes, we 

performed between-group Student’s t-test (two-tailed). Brain regions were identified using 

coronal, sagittal and transverse views according to the rat brain atlas. 74

2.5.3. Seed correlation analysis—Because of the broad and significant stress-related 

group difference noted in our analysis in the posterior cingulate/anterior retrosplenial cortex 

(pCg/antRS), as well as the potential role of this region as a central biological markers for 

IC/BPS 29, the right pCg/antRS was used in a seed correlation analysis. An ROI was 

manually drawn on the template brain, with definition of the pCg/antRS as defined by the rat 

brain atlas. 74 A functional ROI was created by combining anatomically defined ROIs with 

the significant SPM clusters through logical conjunction as previously described. 75 Mean 

optical density of each functional ROI was extracted for each animal using the Marsbar 

toolbox for SPM (version 0.42, http://marsbar.sourceforge.net/). Seed correlation was 

analyzed in SPM across the whole brain, with color-coded correlation coefficients (P < 0.05, 

extent threshold > 100 significant, contiguous voxels).

3. Results

3.1. CMG and VMR recordings

Results of the WAS vs. SHAM comparison have been previously published 29. In summary, 

these showed that WAS animals compared to controls demonstrated a decreased pressure 

threshold (PT) and VMR threshold triggering the voiding phase. VMR evoked by bladder 

distension in WAS animals appeared at a lower IVP during bladder filling compared to 

SHAM. The percentage of VMR threshold pressure/maximum intravesical pressure 

(IVPmax) also showed the VMR appeared earlier in WAS animals compared to SHAM. All 

these are surrogates for bladder hypersensitivity. The maximum IVP and bladder capacity 

showed no significant changes between SHAM and WAS groups. In the current study, 

administration of CTX did not result in significant changes in maximum voiding pressure 

(Fig. 1A) and PT of WAS-CTX or SHAM-CTX animals, though WAS-CTX animals showed 

a trend toward restoration of PT to levels noted in SHAM-CTX (Fig. 1B). CTX restored the 

appearance of VMR towards that of SHAM as measured by VMR thresholds (Fig. 1C, 

p=0.04) and the percentage of VMR threshold/IVPmax (Fig. 1D, p=0.006) suggesting 

improvements in overall bladder hypersensitivity.
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3.2. Functional brain mapping

3.2.1. Effect of stress—Analysis of variance (ANOVA) revealed significant main 

effects of ‘Stress’ (P < 0.05, >100 contiguous voxels) as summarized in Table 1. Main 

effects were bilateral, except as noted otherwise. Within the micturition circuit, this included 

the anterior-most cingulate and posterior cingulate/anterior retrosplenial (pCg/antRS) 

cortices, posterior insular cortex, hypothalamus (anterior, posterior, ventromedial), thalamus 

(anterior medial, anterior ventral, lateral dorsal, mediodorsal, paraventricular nuclei), dorsal 

hippocampus, amygdala (medial, basomedial, cortical), periaqueductal gray, as well as less 

broadly in the medial prefrontal (prelimbic, orbital, anterior dorsal cingulate) and in 

secondary motor cortices. Outside the micturition circuit, a significant main effect of ‘Stress’ 

was noted in somatosensory cortex (primary, secondary), and significantly, though less 

broadly, in the posterior piriform and visual (primary, secondary) cortices, as well as in 

anterior, ventral striatum and the simple cerebellar lobule.

T-tests (Figs. 2, 3) revealed that WAS compared to SHAM rats showed a significantly 

greater regional cerebral blood flow (rCBF, P < 0.05, >100 contiguous voxels) in regions of 

the micturition circuit, including the pCg/antRS, posterior insula, the hypothalamus 

(anterior, ventromedial), nuclei of the thalamus associated with limbic modulation (anterior 

medial, anterior ventral, lateral dorsal, mediodorsal, paraventricular nuclei), and 

significantly, though less broadly, in medial prefrontal (prelimbic, orbital), secondary motor 

cortices, and the parabrachial/Barrington nuclear complex. Significant decreases in rCBF 

were noted in the dorsal posterior hippocampus, amygdala (basomedial, cortical, medial), 

and posterior hypothalamus. Outside the micturition circuit, WAS compared to SHAM rats 

showed a significantly greater rCBF (P < 0.05, >100 contiguous voxels) in the 

somatosensory (primary, secondary), piriform, entorhinal and visual (primary, secondary) 

cortices, dorsomedial striatum, raphe and superior colliculus. 29 Significant decreases in 

rCBF were noted in the anterior ventral striatum, and cerebellar simple lobule.

3.2.2. Effect of CTX—ANOVA revealed also a significant main effect of ‘Ceftriaxone’ 

(P < 0.05, >100 contiguous voxels) as summarized in Table 1. In the micturition circuit, this 

included the dorsal midline cortex (prelimbic prefrontal, anterior-to-mid cingulate, mid-to-

posterior retrosplenial), entorhinal, primary and secondary motor cortices, posterior insula, 

dorsal hippocampus (anterior, posterior), amygdalar nuclei (basolateral, basomedial, central, 

cortical, lateral, medial), hypothalamus (anterior, preoptic area, ventromedial), thalamic 

nuclei (anterior medial, anterior ventral, medial geniculate, mediodorsal, paraventricular, 

ventroposterior lateral, ventroposterior medial, ventrolateral, ventromedial), periaqueductal 

gray, periventricular gray, and parabrachial/Barrington’s nuclear complex. Outside the 

micturition circuit, a significant main effect of ‘Ceftriaxone’ was also noted in 

somatosensory cortex (primary, secondary), olfactory, piriform and visual cortex (primary, 

secondary), as well as the striatum (dorsal, dorsomedial, lateral, ventral), ventral pallidum, 

nucleus accumbens, lateral septum, diagonal band, linear raphe, postsubiculum, deep 

mesencephalic/tegmental area, retrorubral field, pons, inferior colliculus, superior olive, 

vermis and simple cerebellar lobule.
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In the ANOVA, the main effects of ‘Stress’ and of ‘Ceftriaxone’ were significant in several 

shared brain regions within the micturition circuit, including in midline cortex (prelimbic 

prefrontal, anterior cingulate, posterior cingulate), insula and motor (secondary) cortices, 

thalamus (anterior medial, anterior ventral, mediodorsal, paraventricular nuclei), and dorsal 

anterior hippocampus, amygdala (basomedial, cortical, medial), hypothalamus (anterior, 

ventromedial), periaqueductal gray, periventricular gray, as well as in the somatosensory 

cortex (primary, secondary). In these regions, the magnitude of the ‘Ceftriaxone’ effect 

typically exceeded that of the ‘Stress’ effect (Table 1).

T-tests showed the effect of CTX to have a near identical distribution in both the WAS, as 

well as the SHAM animals (Fig. 2). Within the micturition circuit (Fig. 3), both the WAS-

CTX vs. WAS and for the SHAM-CTX vs. SHAM comparisons demonstrated a significant 

(P < 0.05, >100 contiguous voxels) increase in rCBF in midline cortex (prelimbic prefrontal, 

anterior-to-mid dorsal cingulate), motor cortex (primary, secondary), anterior dorsal 

hippocampus, periventricular gray, and periaqueductal gray, with significant decreases in 

rCBF in posterior insula, amygdala (basolateral, basomedial, lateral, medial), sensory nuclei 

of the thalamus (posterior, ventroposterior lateral/ventroposterior medial nuclei), anterior 

hypothalamus, and the parabrachial/Barrington’s nuclear complex. Outside the micturition 

circuit, a significant increase in rCBF was noted in response to CTX for both WAS and 

SHAM rats in primary somatosensory cortex (hindlimb, trunk area), visual cortex (primary, 

secondary), deep mesencephalic/tegmental area, lateral septum, retrorubral field, raphe, 

vermis and cerebellar simple lobule. A significant decrease in rCBF (P < 0.05, >100 

contiguous voxels) was noted in primary somatosensory cortex (upper lip; barrel field area), 

secondary somatosensory cortex, olfactory, and piriform cortices, superior olive, striatum 

(dorsal, dorsomedial, lateral, ventral), nucleus accumbens, ventral pallidum, and inferior 

colliculus. Differences in the WAS-CTX vs. WAS and the SHAM-CTX vs. SHAM 

comparison were noted in the pCg/antRS, where there was a relative decrease in rCBF in 

WAS-CTX vs. WAS and a relative increase in the SHAM-CTX vs. SHAM comparison. 

Differences in the WAS-CTX versus SHAM-CTX comparison were limited, with small 

significant increases in rCBF in the anterior cingulate, orbital prefrontal cortex, primary 

somatosensory cortex, and the amygdala (basomedial, medial).

3.2.3. Stress × ceftriaxone interaction—A significant interaction of ‘Stress × 

Ceftriaxone’ (ANOVA, P < 0.05, >100 contiguous voxels) was noted in pCg/antRS and to a 

lesser extent in the primary somatosensory (trunk area, S1Tr), secondary somatosensory and 

entorhinal cortices. Subcortically, a significant ‘Stress × Ceftriaxone’ interaction was noted 

in the amygdala (basomedial, medial nuclei), thalamus (anteromedial, anteroventral, lateral 

dorsal nuclei), hypothalamus (posterior, ventromedial), and simple cerebellar lobule (Table 

1).

3.2.4. Stress effect on functional connectivity of the posterior cingulate/
anterior retrosplenial cortex—Because of the broad and significant stress-related group 

difference noted in our analysis in the pCg/antRS, as well as the potential role of this region 

as a central biological markers for UCPPS 19, 29, the right pCg/antRS was used in a seed 

correlation analysis (Fig. 4). The right pCg/antRS cortex in WAS rats showed significant 
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bilateral positive functional connectivity (P < 0.5, >100 contiguous voxels) across regions of 

the micturition circuit, including midline cortex (prelimbic, anterior cingulate), posterior 

motor cortex (primary, secondary), mid to posterior insular cortex, the anterior 

hypothalamus, thalamus (anteromedial, anteroventral, ventral lateral), anterior dorsal 

hippocampus, anterior amygdala (basolateral, basomedial, central, lateral, medial nuclei), 

and the parabrachial/Barrington nucleus complex. In addition, significant bilateral positive 

functional connectivity was demonstrated with orbital cortex, somatosensory cortex 

(primary, secondary), visual cortex (primary, secondary), as well as the right postsubiculum, 

lateral septal nucleus, striatum (posterior dorsomedial, posterior lateral), and posterior 

superior colliculus.

Significant negative functional connectivity (P < 0.05, > 100 contiguous voxels) of the pCg/

antRS of WAS animals was noted with bilateral posterior hippocampus, hypothalamus 

(ventromedial, lateral), the thalamus (lateral dorsal, lateral posterior, mediodorsal, posterior, 

ventromedial, ventral posterolateral, ventral posteromedial, midline/intralaminar nuclei), 

posterior amygdala (basolateral, basomedial, central, lateral, medial nuclei), periaqueductal 

gray, periventricular gray, as well as with ectorhinal/perirhinal cortex, anterior-most ventral 

striatum, and the nucleus accumbens.

Compared to SHAM rats, WAS rats showed broader and more numerous regions of 

significant positive functional connectivity to the right pCg/antRS cortex (P < 0.05, >100 

contiguous voxels). Within the micturition circuit, several of the regions that were significant 

in both WAS and SHAM rats, had substantially larger cluster sizes in WAS than in the 

SHAM animals. This included a broader significant positive functional connectivity with the 

posterior insula and anterior thalamus, and a broader significant negative functional 

connectivity with the posterior thalamus (mediodorsal, posterior, ventromedial, ventral 

posteromedial, lateral posterior, and midline/intralaminar nuclei) and periventricular gray/

anterior periaqueductal gray region. In addition, a spatially broader and significant positive 

functional connectivity was noted with somatosensory cortex (primary, secondary), and 

visual cortex (primary, secondary), as well as postsubiculum.

3.2.5. Ceftriaxone effect on functional connectivity of the posterior cingulate/
anterior retrosplenial cortex—Prior administration of CTX diminished or reversed the 

positive functional connectivity of the pCg/antRS. Thus, WAS-CTX animals showed a 

significant bilateral negative functional connectivity with the midline cortex (prelimbic, 

anterior-to-mid dorsal cingulate), motor cortex (primary, secondary), posterior insular 

cortex, as well as orbital cortex, and somatosensory cortex (primary, secondary) – opposite 

to the findings in the WAS animals. Similarly, positive and negative functional connectivity 

of the WAS-CTX animals with the thalamus was largely reduced or absent, with significant 

positive connectivity only in the thalamic anterior medial nucleus and limited areas of the 

midline/intralaminar region, and significant negative functional connectivity noted in limited 

nuclei of the posterior thalamus (ventral posteromedial nucleus, lateral posterior, posterior). 

WAS-CTX compared to WAS animals showed a significant negative (rather than positive) 

functional connectivity of the right pCg/antRS cortex with the anterior amygdala (lateral, 

basolateral nuclei) and the striatum (dorsal, dorsomedial, lateral). WAS-CTX, unlike WAS 
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animals, showed no significant functional connectivity of the right pCg/antRS with the 

parabrachial/Barrington nucleus complex.

However, WAS-CTX compared to WAS animals showed a broader significant positive 

functional connectivity of the pCg/antRS to the posterior retrosplenial cortex, periaqueductal 

gray, posterior hippocampus, posterior superior colliculus, deep mesencephalon, and red 

nucleus.

4. Discussion

Chronic pain states are associated with alterations in multiple, overlapping brain circuits, 

including compromised descending inhibitory or facilitatory control systems 29, 76–79 and 

possible alterations in brainstem neurons projecting to supraspinal centers.80 Functional 

brain mapping has suggested the presence of a cerebral–bladder control network whose 

neuronal activity differentially responds to bladder filling or voiding81, 82. Regions in this 

network frequently identified with both functional and structural abnormalities in patients 

with IC/BPS include sensorimotor regions such as primary somatosensory cortex, 

supplementary motor cortex, and the thalamus, but also regions deeply engaged in the 

modulation of emotions such as the cingulate, insula, and amygdala. 16–18, 20–24, 83, 84

In our rodent model, WAS animals compared to SHAM demonstrated a decreased pressure 

threshold and VMR threshold triggering the voiding phase. Our prior study29 demonstrated 

that WAS compared to SHAM animals demonstrated significant changes in cerebral 

activation during passive bladder distension. WAS animals showed greater activation in 

cortical regions of the central micturition circuit, including the posterior cingulate, anterior 

retrosplenial, somatosensory, posterior insula, orbital, and anterior secondary 

(‘supplementary’[dummy]) motor cortices, as well as in the thalamus, anterior 

hypothalamus, parabrachial and Barrington nuclei, and striatum. Significant decreases in 

rCBF in the WAS vs. SHAM comparison were noted in regions associated with emotional 

regulation such as the amygdala, posterior hypothalamus and dorsal hippocampus. 

Reanalysis by ANOVA in our 4 groups confirmed the significant effect of ‘STRESS’ in all 

these regions. All these areas play important roles in both the micturition and nociceptive 

circuits (see reviews 85–87). Only the parabrachial/Barrington’s nuclear complex 29, 

important in the micturition circuit, did not reach significance by ANOVA, though showing a 

significant increase in rCBF for the WAS vs. SHAM comparison on t-tests.

As suggested by our previous study 25, glutamate appears to play a role in mediating the 

effects of stress in bladder hyperalgesia, as treatment with CTX in our animal model leads to 

normalization of pressure and VMR thresholds that trigger voiding phase, suggesting 

improvements in overall bladder hypersensitivity. On functional brain mapping, both WAS 

and SHAM groups showed a similar distribution of significant effects (Fig. 2, columns 1 – 

2). Here drug-treated compared to drug-naïve animals demonstrated significant increases in 

rCBF in the above-mentioned ‘stress-sensitive’ regions, except in limbic regions (e.g. 

amygdala, ventral striatum, and hypothalamus), the parabrachial/Barrington complex and 

sensory regions (e.g. somatosensory cortex, sensory thalamus, posterior insula) where 

significant decreases in rCBF were noted (Figs. 2, 3). A significant ‘Stress × Ceftriaxone’ 
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interaction was noted in the pCg/antRS, as well as in the somatosensory cortex, insula, 

amygdala, hippocampus, hypothalamus and emotional thalamus (Table 1), reflecting an 

accentuated drug effect in WAS compared to SHAM animals in limbic and sensory regions.

CTX, while not acutely altering CBF, is felt to acutely increase brain metabolism and to alter 

brain functional connectivity through its actions on the astrocytic GLT-1 transporter. 88 In 

our study, we did not image animals during an acute CTX challenge, but rather one day 

following discontinuation of the drug. However, our main effect of ‘CTX’ was noted in 

many of the brain regions reported previously by Zimmer et al. as demonstrating changes in 

glucose metabolism during an acute CTX challenge.88 This included frontal cortex, 

hippocampus, striatum and thalamus, and to a lesser extent the cerebellum. This suggests 

that CTX may have elicited a persistent functional remodeling in regions of high GLT-1 

expression.

A rapidly expanding literature (greater than 70 publications since 2016) has reported 

functional and structural abnormalities of the posterior medial cortex (comprising pCg and 

its neighboring structure the precuneus, a part of the superior parietal lobule) in a number of 

chronic pain conditions, including IC/BPS, fibromyalgia, somatoform disorder, and chronic 

pain syndrome, either at the level of regional cerebral perfusion and functional 

connectivity19, 89–102 or gray matter volume.103–106 Recent resting state functional magnetic 

resonance imaging (rs-fMRI) data published by the MAPP consortium has confirmed in a 

large sample of females with UCPPS a functional disruption of this posterior medial cortex 
19. Patients compared to controls showed functional disconnection of the pCg/precuneus 

from the default network (DMN), but increased functional connectivity to several brain 

regions implicated in pain, sensory, motor, and emotional regulation. In these patients, 

altered pCg/precuneus connectivity was associated with pain and urologic symptom 

intensity, depression, and anxiety.

Within the DMN, the pCg represents a central node that connects widely and 

heterogeneously across the brain. Its function is multifold, with proposed roles in cognition, 

attention, pain perception, emotional processing, sensory integration, including bladder 

filling and urinary urgency.107 Cross-species cytoarchitectural maps, suggest a 

correspondence between the human precuneus and the rodent retrosplenial cortex 108, a 

cortical midline structure which lies immediately caudal to the pCg, and which in rats is 

considered a central functional hub in the DMN 109. In rodents, the retrosplenial cortex is 

known to contribute to contextual and spatial learning and memory. 110 Findings indicate 

that retrosplenial cortex here may contribute to episodic memory formation by linking 

essential sensory stimuli during learning. 111–113 Recent findings highlight the importance of 

the retrosplenial cortex also in the regulation of pain 114–116, as well as in the regulation of 

visceral functions and arousal 117, as well as in the storage of urine 118 and urinary urgency. 
119 In our study, ANOVA revealed a significant main effect of ‘Stress’, as well as a 

significant ‘Stress × CTX’ interaction in the pCg/antRS, suggesting this region to be 

sensitive to WAS and to show a differential drug response.

In addition, our data in the WAS rodent model demonstrated significant stress-related 

alterations in functional connectivity of the pCg/antRS (Fig. 4). Significant positive 
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functional connectivity of the pCg/antRS was more pronounced in WAS compared to 

SHAM rats to several of the nodes of the micturition circuit and associated sensory regions, 

many for which there is evidence of structural connectivity. 120–123 This was true for anterior 

midline cortex (prelimbic, anterior cingulate), insular cortex, motor cortex (primary, 

secondary), hippocampus, anterior thalamus (anteromedial, anteroventral, ventrolateral), 

parabrachial/Barrington nucleus complex, as well as somatosensory cortex. Negative 

connectivity was present more extensively in WAS than in SHAM groups in regions of the 

posterior thalamus and periventricular gray/anterior periaqueductal gray. CTX treatment in 

WAS animals diminished or reversed the functional connectivity for many of the regions 

noted to be functionally connected to the pCg/antRS in WAS animals. In particular, 

functional connectivity turned from positive to negative in the midline prefrontal cortex 

(prelimbic, anterior cingulate), posterior insula, somatosensory cortex (primary, secondary), 

amygdala, anterior thalamus, and parabrachial/Barrington nucleus complex, with functional 

connectivity increasing in the periaqueductal gray.

While our animal model reproduces many of the physiologic, behavioral and brain 

functional characteristics of IC/BPS, it is unlikely that stress acts as the sole etiological 

factor in IC/BPS. More likely, stress acts as a vulnerability factor in individuals predisposed 

to the disease for other reasons such as genetic predisposition, infections, etc. (‘stress-

diathesis’ theory 124). Animal data supports this concept, where chronic WAS induces 

bladder hypersensitivity in high-anxiety but not in normal rats. 125 Thus, additional stresses 

in adulthood may precipitate full-blown clinical syndromes in vulnerable subjects. Our study 

did not distinguish between the brain and spinal cord as potential target sites of CTX. Future 

studies will need to examine such differences.

Finally, it is important to remember that in addition to its role as an antibiotic, and well-

established effects in reducing excitotoxicity through increases in astrocytic GLT-1 in the 

brain and spinal cord,126 CEF may act on the nervous system through a number of additional 

mechanisms.127 These include, amongst others, the regulation of genes related to beta-

amyloid metabolism, the amelioration of oxidative stress through alterations in levels of 

glutathione, superoxidase dismutase, Bcl2 and caspases 3 and 9, as well as the increase in 

levels of brain derived neurotrophic factor and erythropoetin. Hence, in our study, any 

presumed functional remodeling of the neural circuits within the CNS or spinal cord, may 

have involved more than simple upregulation of astrocytic GLT-1.

In summary, water avoidance stress in rats, elicited subsequent visceral hypersensitivity 

during bladder filling as demonstrated by a decreased pressure threshold and VMR threshold 

triggering the voiding phase. Cerebral perfusion mapping revealed stress effects in brain 

regions previously noted by others to be responsive to passive bladder filling. 83, 118, 119 

Administration of CTX during stress exposure diminished visceral hypersensitivity and 

attenuated many of the stress-related functional brain changes within the supraspinal 

micturition circuit and in overlapping nodes of the limbic and nociceptive systems, including 

the pCg/antRS, somatosensory cortex, and anterior thalamus. A significant differential effect 

of CTX on functional connectivity of the pCg/antRS cortex of stressed animals compared to 

controls was noted. This posterior midline cortical region contributes to pain and to 

micturition circuits, shows stress effects, and has been reported to demonstrated altered 
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functionality in IC/BPS patients. 19, 83 Given the actions of CTX on the glutamate 

transporter, our results suggest the possibility of glutamatergic pharmacologic strategies in 

modulating stress-related bladder dysfunction.
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EAAT-2 Excitatory amino acid transporter 2
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Figure 1: Statistical analysis of the effects of CTX on cystometrogram and visceromotor reflex 
(average +/− standard error) recordings during bladder infusion.
Shown are the tracings of (A) maximum intravesical voiding pressure (IVPmax), (B) 

pressure threshold to first void/leak, (C) VMR threshold, and (D) VMR threshold/IVPmax 

for WAS and SHAM (control) animals in the presence or absence of CTX.
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Figure 2: Brain regions showing significant between-group differences in t-tests.
Shown are statistical parametric maps showing significant difference in brain activation in 

sedated WAS rats compared to controls during bladder filling with and without prior 

exposure to ceftriaxone (CTX). Changes in regional cerebral blood flow related tissue 

radioactivity are depicted on representative coronal sections (anterior–posterior coordinates 

relative to the bregma) of the template brain. Color-coded overlays show statistically 

significant group differences, with red and blue colors showing positive and negative 
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changes, respectively (P<0.05 at the voxel level for clusters of >100 contiguous voxels). 

Abbreviations are based on the rat brain atlas 74 with modifications.

Acb n. acumbens AH anterior hypothalamus Au auditory cx BL basolateral amygdala BLA 

basolateral amygdala BM basomedial amygdala Cg1 dorsal anterior cingulate cx pCg/antRS 

post. cingulate/ ant. retrosplenial cx CPu striatum dmCPu dorsomedial striatum HPC 

hippocampus I insula LA lateral amygdala LCC locus coeruleus complex LD lateral dorsal 

thalamic n. LO lateral orbital cx LSI lateral septum M1 primary motor cx M2 secondary 

motor cx MD mediodorsal thalamic n. MeA medial amygdala MG medial geniculate pCg 

posterior cingulate cx PAG periaqueductal gray, PBN parabrachial n. PMCo cortical 

amygdala Pir piriform cortex PrL prelimbic cx PtA parietal association cx RS retrosplenial 

cx S1BF primary somatosens. cx barrel field area S1FL primary somatosens. cx forelimb 

area S1J primary somatosens. cx jaw area S1Tr primary somatosens. cx trunk area S1ULp 

primary somatosens. cx upper lip area S2 secondary somatosens. cx Sim simple cerebellar 

lobule SO superior olive STN subthalamic n. V1 primary visual cx V2 secondary visual cx 

vCPu ventral striatum VL ventrolateral thalamic n. VMH ventromedial hypothalamus VO 

ventral orbital cx VPL ventral post. lateral thalamic n. VPL/VPM ventral post. lateral/ventral 

post. medial thalamic n. VPM ventral posterior medial thalamic n. ZI zona incerta
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Figure. 3: 
Summary of the significant changes in regional cerebral blood flow (rCBF) of (A) WAS 

versus SHAM rats, (B) WAS-CTX versus WAS rats, (C) SHAM-CTX versus SHAM, (D) 

WAS-CTX versus SHAM-CTX, and during passive bladder filling as related to a simplified 

model of the micturition circuit. Data are summarized from the SPM analysis shown in Fig. 

2, with red indicating significant increases in rCBF and blue indicating significant decreases 

in rCBF. Abbreviations: CTX (ceftriaxone), Cx (cortex), HPC (hippocampus), PFC 

(prefrontal cortex), PAG (periaqueductal gray), PMC (pontine micturition center, 

parabrachial/Barrington nucleus complex). Note: Cingulate cortex refers to the anterior/mid 

cingulate. Adapted from Griffiths 128 and DeGroat and Yoshimura. 129.

Holschneider et al. Page 23

Neurourol Urodyn. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Correlation of functional activity during bladder filling of the right posterior cingulate 
cortex (seed region in green) across the whole brain.
Changes in regional functional connectivity are depicted on representative coronal sections 

(anterior–posterior coordinates relative to the bregma) of the template brain. Color-coded 

overlays show statistically significant group differences, with red and blue colors showing 

positive and negative functional connectivity, respectively (P<0.05 at the voxel level for 

clusters of >100 contiguous voxels). Abbreviations are as in figure 2 above.
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Table 1:

Significant main effects of ‘Stress’ and ‘Ceftriaxone’ (CTX) and their interaction (ANOVA, Left/Right 

hemispheres, *P<0.05 for >100 contiguous voxels). Highlighted regions have been proposed to be within the 

micturition circuit (Fig. 3) 128, 129.

Stress CTX Stress × CTX

CORTEX

Cingulate

 anterior * / * * / *

 mid * / *

 posterior * / * * / * * / *

Entorhinal, caudomedial / * * / * * / *

Insula, posterior * / * * / *

Motor, primary * /

Motor, secondary * / * / *

Olfactory * / *

Orbital * / * * / *

Piriform * / * * / *

Prelimbic * / * * / *

Retrosplenial, anterior * / * * / *

 posterior * / *

Somatosensory, primary * / * * / * * / * S1Tr

 secondary * / * / *

Visual, primary, secondary * / *

SUBCORTEX

Accumbens n. * / *

Amygdala

 basolateral * / *

 basomedial, medial * / * * / * * / *

 central * / *

 cortical * / * * / *

 lateral/basolateral * / *

Cerebellum, simple lobule * / * * / * * / *

 vermis * / *

Colliculus, inferior * / *

Diagonal band * / *

Hippocampus, dorsal anterior * / * * / *

 dorsal posterior * / *

Hypothalamus

 anterior * / * * / *

 posterior * / * * / *

 preoptic area * / *

 ventromedial * / * * / * * / *
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Stress CTX Stress × CTX

Lateral septum * / *

Locus coeruleus * / *

Mesencephalic/tegmental area * / *

Parabrachial/Barrington nuclear complex * / *

Periaqueductal gray, periventricular gray * / * * / *

Postsubiculum * / *

Raphe * / *

Retrorubral field * / *

Septohippocampal n. * / *

Striatum

 dorsal * / *

 dorsomedial * / *

 lateral * / *

 ventral, anterior * / * /

Superior olive * / *

Thalamus

 anterior medial n., anterior ventral n. * / * * / * * / *

 lateral dorsal n. * / * * / *

 mediodorsal n. / * * / * / *

 medial geniculate n. * / *

 paraventricular n. * *

 ventral posterolateral n. * / *

 ventral posteromedial n. * / *

 ventrolateral n., ventromedial n. * / *

Ventral pallidum * / *
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