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     CHAPTER 7 

IN-VIVO EVALUATION OF NEUROPROTECTIVE POTENTIAL OF 

PROLACTIN 

Chapter Highlights 

 Prolactin is a neuropeptide known for its pleiotropic actions in brain 

 Though prolactin has shown neuroprotection against glutamate excitotoxicity in-

vitro, its in-vivo effects are yet to be studied 

 The chapter discusses effect of prolactin on physiological and biochemical 

parameters of ischemic mice 

ABSTRACT 

Lack of available therapeutics for cerebral ischemia necessitates a dire need for designing 

novel strategies for combating ischemic pathophysiological cascade. In such scenarios, 

neuroprotective strategies have emerged as a possible successful approach to ameliorate 

cerebral ischemic conditions. The neuropeptide prolactin is a pleiotropic hormone which 

affects various physiological conditions, specifically the ones concerning the central nervous 

system. Previous scientific studies suggest that prolactin can combat neurotoxicity, neuronal 

stress and provide neuroprotection to hippocampal neurons in-vitro. The present study explores 

the ability of this neuropeptide in conferring in-vivo neuroprotection in global cerebral 

ischemia model of rat. Also, the study tries to optimize the dose of prolactin which will be 

effective for conferring neuroprotection in cerebral ischemic condition. The results revealed 

that prolactin significantly reduces cerebral infarct, brain water content and restores the 

physiological conditions like blood pressure, heart rate and cerebral blood flow. Also, prolactin 

markedly reduces the increased levels of the neurotransmitters GABA and glutamate in 
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different brain parts of ischemic rats. Cerebral calcium and nitrate concentrations were also 

successfully restored by prolactin post-treatment. The ability of prolactin in effectively 

combating the overall pathogenesis occurring in brain due to ischemia-reperfusion injury 

establishes the molecule as a probable candidate for further therapeutic development against 

cerebral ischemia.   

7.1. INTRODUCTION 

Acute cerebrovascular disease generally occurs due to interruption in cerebral blood flow and 

can be either ischemic or hemorrhagic [1]. An obstruction in cerebral blood flow deprives the 

brain of oxygen, glucose and other nutrients necessary for normal brain functions [1,2] and 

results in triggering of an ischemic cascade which involves loss of ionic homeostasis and 

subsequent neurotransmitter release [2]. Cerebral ischemia happens to be a global burden 

causing death and permanent disability [3, 4] with lack of specific therapeutic treatment [1]. 

The only approved therapy for combating cerebral ischemia is recombinant tissue plasminogen 

activator (rtPA) [1, 2] which is associated with the risk of increasing brain hemorrhage [2]. In 

such scenarios, recent scientific research has focused on neuroprotective therapies for 

combating the ischemic pathophysiology by inhibiting the cellular pathways associated with 

the ischemic insult [5]. By inhibiting one or more intermediates of the ischemic pathway, 

neuroprotective agents are able to prevent or delay the neuronal injury. Prolactin (PRL) is a 

peptidic hormone which induces behavioral changes like maternal behavior and anxiety 

reduction [6, 7]. PRL also induces neurogenesis [8], activates glial cells [9], causes 

proliferation of hippocampal precursor cells [10] and also provide neuroprotection against 

glutamate and kainic acid excitotoxicity [11-13]. It has also been established that 

neuroprotection exhibited by PRL in hippocampus is mediated via its receptors [12]. A recent 
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study establishes neuroprotective action of PRL against glutamate excitotoxicity in primary 

culture of rat hippocampal cells is due to PRL’s ability to maintain calcium ion homeostasis 

and up-regulation of Bcl-2 expression [14]. Though neuroprotective ability of PRL against 

glutamate excitotoxicity has been demonstrated in-vitro, no known study has yet reported 

PRL’s therapeutic ability as a neuro-protectant against cerebral ischemia in-vivo.  

The present study attempts to evaluate the ability of PRL in conferring neuroprotection in 

global cerebral ischemia in rat model. Global cerebral ischemia is induced by bilateral common 

carotid artery occlusion (BCCAO) which is a frequently used model for studying 

neuroprotection in rodents [15,16]. BCCAO model has also been widely used to study the 

pathophysiological changes occurring due to induced cerebral ischemia [15-17].   

7.2. MATERIALS AND METHODS 

7.2.1. Dose preparation of Prolactin and administration 

PRL was purchased from Sigma-Aldrich (Cat. No.: L6520; Prolactin from sheep pituitary) and 

different concentrations were prepared by dissolving in normal saline solution to obtain final 

doses of 1mg/Kg, 0.5mg/Kg and 0.1mg/Kg, which for further references are referred as 

Treated-A, Treated-B and Treated-C respectively. The doses were administered intra-nasally 

and each nostril received 5 µL of the prolactin solution. The vehicle group received 5 µL of 

saline solution through each nostril.  

7.2.2. Inducing Global Cerebral Ischemia by BCCAO 

Male inbred albino rats of weight of 150±25 grams were randomly divided into five groups, 

viz., Sham, Vehicle, Treated-A, Treated-B and Treated-C (n=15 for each group). All the 

animals except for Sham group were subjected to BCCAO surgical procedures according to 
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the method reported by Wang et al [18] after being anesthetized with a combination of xylazine 

(10 mg/kg b.w.) and ketamine (50 mg/kg b.w.). Common carotid arteries or CCAs were 

identified after the neck skin was opened via a vertical midline-incision (~ 1.5 cm length) and 

both the left and right CCAs were ligated with a cotton suture (5-0) after careful dissociation 

of vagal nerves from respective CCAs. The incision was stitched and the animals were returned 

to their respective cages at room temperature (25±2°C). Reperfusion was performed by cutting 

off the ligature cautiously by a surgical blade after 1h of occlusion and was maintained for 4 

hrs before euthanasia. Throughout the surgical procedure, the rectal temperature of the animals 

was maintained at a constant 37±0.5°C. The sham group of animals underwent similar surgical 

procedures except for the ligature of CCAs. The workflow is provided in Fig. 7.1. 

 

Fig. 7.1.: Experimental workflow for cerebral ischemia induction and PRL 

administration. 

7.2.3. Evaluation of physiological parameters 

Disruption of regional cerebral blood flow (rCBF) remains major reason behind cerebral 

ischemia [19, 20]. Also, transient elevation in mean arterial pressure and heart rate are marked 

characteristics of cerebral ischemia [21,22]. For the present study, systolic blood pressure 

(SBP) and heart rate of the animals were measured using tail cuffs supported with piezoelectric 
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sensors along with NIBP controller (AD Instruments) and rCBF was measured at co-ordinates 

by 6 mm lateral and 1 mm posterior to bregma on both the hemispheres Blood Flow Meter 

(AD Instruments) using the principles of Laser Doppler Flow. Animals with CBF reduced to 

80% were only included in the study. Also, CBF was also monitored throughout the study till 

the end of 4 hrs reperfusion.   

7.2.4. Biochemical parameter Estimation  

To understand the effect of prolactin in combating cerebral ischemic conditions, concentration 

of biochemical markers in different brain regions, i.e., cortex, cerebellum and hippocampus 

were estimated.  For this study, 25 male rats were divided into five groups (n=5) namely, Sham, 

Vehicle, Treated-A, Treated-B and Treated-C.  

7.2.4.1 Estimation of Glutamate and ɣ-Aminobutyric acid (GABA) concentrations 

Increase in the concentrations of the major neurotransmitters Glutamate and GABA is a 

hallmark of cerebral ischemia [2, 23, 24]. Estimation of Glutamate and GABA concentration 

in different brain regions of each group was performed using HPLC-UV method as described 

in the section 4.2.9. 

7.2.4.2. Determination of Calcium concentration 

Calcium concentrations in different brain regions for animals in every group were measured 

using calcium detection kit (Abcam, CatNo.: ab102505) according to the supplied protocol. 

The experiment was performed as per the procedure described in section 4.2.10. 
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7.2.4.3. Nitrate concentration Estimation 

Nitrate concentration in various brain region was evaluated as an indirect estimation of changes 

in nitric oxide (NO) concentration, since the latter is highly unstable [25, 26]. The nitrate 

concentration in cortex, cerebellum and hippocampus of animals for every group was carried 

out according to the protocol described in 4.2.11. 

7.2.5. Analysis of Brain Parameters 

7.2.5.1. Infarction volume Estimation 

Cerebral infarction volume of all five groups (n=5) were measured using tri-phenyl-

tetrazolium chloride (TTC) staining as per the procedure decribed in section 4.2.6. 

7.2.5.2. Study of Brain Edema 

Cerebral ischemia leads to accumulation of water in brain tissues, thereby causing brain 

swelling [27]. Cerebral edema of animals for all the groups (n=5 for each group) were 

measured by quantifying brain water percentage using the wet and dry-weight method as 

decribed in section 4.2.8. 

7.2.6. Cell death analysis by Annexin-FITC/PI staining 

Effect of PRL on ameliorating cell death was analyzed using Annexin V Kit: sc-4252 AK 

(Santa Cruz Biotechnology, USA). Brain cortical tissue for each group (n=4) was dissociated 

to single cell suspension (1×106 cells/mL) and stained according to the given protocol. 

7.2.7. Statistical analysis 

All the data sets were represented as Mean±S.D. and were statistically analyzed with one-way 

analysis of variance (ANOVA). P<0.05 were considered as statistically significant.  
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7.3. RESULTS 

7.3.1. Higher doses of PRL restore physiological conditions 

Physiological conditions were monitored throughout the experimental procedures and values 

recorded after 4 hrs of reperfusion following 1 hr occlusion were compared with the values 

observed in sham group after similar time duration (Fig.2 A-C).  It was found that, blood 

pressure and heart rate of the animals of vehicle group significantly increased (p < 0.001) 

whereas there was a significant decrease (p < 0.001) in rCBF as compared to the sham group 

animals after 1 h occlusion and 4 h reperfusion (Fig.7.2. A-7.2.C). Interestingly, it was 

observed that animals of all three treated groups had their SBP restored (p < 0.001) (Fig. 7.2.A). 

Heart rate was restored in Treated-A and Treated-B group (p < 0.001 and p < 0.01 respectively) 

in comparison to vehicle group. After 4hr reperfusion following 1 hr occlusion, a significant 

restoration in CBF was also exhibited in Treated-A and Treated-B group animals (p < 0.001), 

but no significant difference in heart rate and rCBF was observed in animals of Treated-C 

group (7.2.B).  
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Fig. 7.2.: Changes in physiological parameters due to PRL post-treatment (after 1 hr 

occlusion followed by 4 hrs of reperfusion); (A) Systolic Blood Pressure, (B) Heart Rate 

and (C) Cerebral Blood Flow for different groups of animals. (n=5; ANOVA followed by 

Bonferroni post-hoc tests for statistical analysis; *** signifies p < 0.001 and ** signifies 

p<0.01 compared to vehicle group; # signifies p < 0.001 of vehicle group as compared to 

sham).  

 

7.3.2. Restoration of neurotransmitter levels by PRL  

Animals in Treated-A group showed significant restoration of brain glutamate in cortex and 

hippocampus in comparison to Vehicle group animals (p < 0.001) (Fig. 7.3.a). In cerebellum 

region of Treated-A group, glutamate percentage was also restored significantly (p < 0.01) 

(Fig. 7.3.a.). Treated-B group showed restoration of glutamate in cortex region (p < 0.01), but 

did not have any significant effect on cerebellum and hippocampus region. No significant 

difference in glutamate levels was observed in Treated-C group animals when compared to 

vehicle group. GABA level in cortex and hippocampus was significantly reduced in animals 
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of Treated-A group (p < 0.001) (Fig.7.3.b.). In cerebellum of Treated-A group animals also, a 

significant reduction of GABA level was revealed (p<0.05) (Fig. 7.3.b.). No significant 

differences in GABA levels were observed in any cerebral region of Treated-B and Treated-C 

groups in comparison to vehicle group animals.  

 

Fig. 7.3.: Effect of different doses of PRL on changes in neurotransmitter levels (a) 

Glutamate and (b) GABA in different cerebral regions. (n=5; ANOVA followed by 

Bonferroni post-hoc tests for statistical analysis; *** signifies p < 0.001, ** signifies 

p<0.01 and * signifies p < 0.05 compared to vehicle group; # signifies p < 0.001 of vehicle 

group as compared to sham). 

 

7.3.3. PRL restores brain calcium concentration  

Calcium estimation performed in three different cerebral regions revealed that prolactin 

administration has significant impact on the brain calcium level. In vehicle models, the calcium 

level in all three regions increased significantly as compared to sham group (p < 0.001) (Fig. 

7.4.). The levels were considerably restored in all the Treated-A and Treated-B groups in all 

three cerebral regions (p < 0.001).  Treated-C group also exhibited reduced calcium level in 
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hippocampus (p < 0.001) but did not show any significant difference in cortex and cerebellum 

regions. 

 

Fig. 7.4.: Restoration of calcium levels in different brain parts upon PRL treatment. (n=5; 

ANOVA followed by Bonferroni post-hoc tests for statistical analysis; *** signifies p < 

0.001; # signifies p < 0.001 of vehicle group as compared to sham). 

 

7.3.4. Cerebral nitrate levels were significantly reduced by PRL treatment 

Highest dose of PRL (1mg/kg) effectively reduced ischemia induced elevated nitrate levels in 

all three different regions of rat brain (cortex: p < 0.001; cerebellum and hippocampus: p < 

0.01) (Fig. 7.5.). Animals in Treated-B and Treated-C groups showed restored nitrate levels in 

cortex (p < 0.01) but no significant difference was observed in other brain regions (cortex and 

cerebellum) in Treated-C group.  



151 
 

 

Fig. 7.5.: Effect of different doses of PRL on nitrate levels in various brain regions (n=5; 

ANOVA followed by Bonferroni post-hoc tests for statistical analysis; *** signifies p < 

0.001, ** signifies p < 0.01 compared to vehicle group; # signifies p < 0.001 of vehicle 

group as compared to sham). 

 

7.3.5. PRL Treatment decreases infarction volume 

Cerebral infarction in rats of vehicle group was observed to be 15.5%, whereas that in Treated-

A group animals was found to be 2.6%. There was a reduction of cerebral infarction by 83.2% 

in Treated-A group animals as compared to rats of vehicle group (p < 0.001). Infarction volume 

in animals of Treated-B and Treated-C was reduced by 61.8% and 59.1% in comparison to 

brain infarction of vehicle group animals (p < 0.001). There was no significant difference 

between infarction volumes of animals in Treated-B and Treated-C groups (Fig. 7.6.). 
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Fig. 7.6.: Dose dependent reduction of cerebral infarction as an effect of PRL treatment 

(n=5; ANOVA followed by Bonferroni post-hoc tests for statistical analysis; *** signifies 

p < 0.001 compared to vehicle group; # signifies p < 0.001 of vehicle group as compared 

to sham). 

 

7.3.6. Cerebral edema was reduced due to PRL treatment 

Increase in brain water content by 23.8% was detected in vehicle group as compared to animals 

in sham group which was subsequently decreased by 21.3% in Treated-A group in reference 

to vehicle group (p < 0.001) (Fig. 7.7). Cerebral edema was also reduced by 14.7% (p < 0.001) 

and 3.62% (no significant difference) in Treated-B and Treated-C group, respectively, as 

compared to vehicle group animals (Fig. 7.7.).  
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Fig. 7.7.: Reduction of cerebral edema with treatment of different doses of PRL (n=5; 

ANOVA followed by Bonferroni post-hoc tests for statistical analysis; *** signifies p < 0.001 

compared to vehicle group; # signifies p < 0.001 of vehicle group as compared to sham). 

 

7.3.7. PRL treatment ameliorates cell death in cortical region  

An increased number of Annexin-FITC and PI positive cells were observed in vehicle group 

animals as compared to the sham group animals, confirming apoptosis and necrosis. All the 

three doses of PRL (0.1 mg/kg, 0.5 mg/kg and 1 mg/kg) exhibited marked reduction in number 

of apoptotic and necrotic cells. Among the three doses, lowest number of Annexin-FITC and 

PI positive cells were observed in Treated A (1 mg/kg) (Fig. 7.8.).  



154 
 

 

Fig. 7.8.: Effect of different doses of PRL on brain cell death (n=4 for each group; ANOVA 

followed by Bonferroni post-hoc tests for statistical analysis). Annexin-FITC and PI 

staining reveals presence of high numbers of apoptotic and necrotic cells in brain cortical 

region and PRL post-treatment markedly reduces the number of apoptotic and necrotic 

cells. (Obsevation under 40X magnification). 

 

7.4. DISCUSSION 

It is scientifically well established that the versatile peptide hormone PRL exerts pleiotropic 

effects in physiological systems including various activity in the central nervous system (CNS), 

especially, in the hippocampal region of brain [28]. The fact that neuroprotection in 

hippocampus of rat brain is observed during lactation [13, 11, 28], the role prolactin might play 

in the entire process has been widely investigated. It has been proved that PRL treatment 

reduces glutamate excitotoxicity induced elevated levels of intra-cellular calcium and 

apoptotic cell death in primary hippocampal cultures [14]. According to another study, 

neuronal PRL increased in juvenile rat brain as a result of hypoxia ischemic insult, though 

intracerebroventricular (i.c.v.) treatment with rat PRL (rPRL) failed to confer neuroprotection 

in the same model [29]. But, PRL reportedly protected hippocampal cells in chronic stress 

conditions and promoted neurogenesis in hippocampus [30]. The ability of peripheral PRL to 
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cross blood brain barrier via the PRL receptors (PRLR) [30] combined with its neuroprotective 

ability makes it an interesting candidate for future neurotherapeutics. Hence, this study tried to 

evaluate the therapeutic ability of PRL against global cerebral ischemia in rat model induced 

by BCCAO.  

Elevated blood pressure, a common phenomenon in cerebral ischemia [22], was observed in 

the vehicle group animals. There was a 40% (approx.) increase in SBP of animals in vehicle 

group as compared to that of sham. However, treatment with all three doses of PRL showed 

significant restoration of SBP. Lowering of the elevated SBP by 22.72% in Treated-A group 

revealed a non-significant difference in SBP between Treated-A and sham group. In Treated-

B and Treated-C group SBP is lowered by 15.15% and 17.42%, respectively, in comparison to 

Vehicle group. An increase in heart rate (~25%) of the vehicle group animals was observed as 

compared to that of the sham group. But, animals in Treated-A group showed restored heart 

rate. Treated-B group also showed significant restoration of heart rate (by ~14.8%) as 

compared to the vehicle group rats, but no significant change was observed in Treated-C group. 

Both Treated-A and Treated-B group of animals also demonstrated restored rCBF as compared 

to the lowered rCBF observed in vehicle group. Animals in Treated-A and Treated-B group 

had an increase of ~44.4% and ~38.33% in rCBF with respect to that of vehicle group animals, 

but Treated-C group did not show any significant change. Overall, the two highest doses of 

PRL (1mg/Kg and 0.5mg/Kg) were able to re-establish the physiological conditions of animals 

altered due to ischemic injury. 

Ischemic injury leads to accumulation of excitatory amino acid glutamate in brain tissues [31] 

which further leads to loss of calcium homeostasis [32]. The increased calcium concentration 

leads to release of endogenous GABA molecules [33] leading to elevated levels of GABA in 
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various brain parts which remains unrestored even after 168 hrs of ischemia reperfusion (IR) 

injury [34]. Another molecule playing an important role in ischemic pathophysiology is nitric 

oxide which leads to increased infarct volume and BBB damage [35]. Due to highly volatile 

nature of NO, it is rapidly converted into nitrite and nitrate [36] and due to short half-life of 

nitrite, nitrate is measured for estimation of NO concentration. In this study, it was observed 

that animals in Treated-A and Treated-B group showed significant restoration of glutamate 

levels in cortical region (p < 0.001 and p < 0.01 respectively) and glutamate levels of cerebellar 

and hippocampal regions were restored only in Treated-A group (p < 0.01 and p < 0.001, 

respectively) as compared to vehicle group animals. Treated-C group did not show any 

significant restoration in glutamate levels in any of the cerebral regions in comparison to 

vehicle group animals. Significant decrease in GABA levels were observed in cortex and 

hippocampus of Treated-A group (p < 0.001) and also in cerebellum (p < 0.05) as compared 

to vehicle group animals.  No significant changes in GABA levels were observed in any of the 

brain regions in either of Treated-B or Treated-C group of animals. Treatment with high doses 

of PRL (1mg/Kg and 0.5mg/Kg) significantly lowered the calcium concentration in cortex and 

hippocampus (p < 0.001) whereas Treated-C group had no significant effect on calcium levels 

was observed in these regions in as compared to vehicle group. Interestingly, in hippocampal 

region, all three doses of PRL significantly reduced the heightened calcium level (p < 0.001) 

with respect to that of vehicle group. This might be attributed to the ability of PRL to preserve 

calcium homeostasis during glutamate excitotoxicity in hippocampal neurons [14]. It was 

observed that though PRL induced a small increase in concentration of hippocampal calcium, 

but PRL pre-treatment significantly reduced the calcium levels in hippocampal neurons exposd 

to glutamate excitotoxicity [14]. The mechanism of PRL in restoring the calcium concentration 

induced due to glutamate excitotoxicity is not properly understood yet, but it has been reported 
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that PRL might combat the glutamate excitotoxicity by exerting an antagonistic effect on the 

glutamate receptors, thereby reducing calcium overload [14]. In the present study also, it is 

observed that PRL significantly restored calcium concentration in cortex, cerebellum and 

hippocampus regions. All three doses of PRL also significantly reduces nitrate concentration 

in cortex (p < 0.001), but in other two regions, i.e., cerebellum and hippocampus, only Treated-

A group shows significant lowering of nitrate levels compared to vehicle group animals (p < 

0.01). When compared to vehicle group, no significant changes in nitrate concentrations were 

observed in cerebellum and hippocampus regions of Treated-B and Treated-C group of 

animals. The evaluation of the neurotransmitter and biochemical parameters revealed that 

though the lower doses of PRL might not be very effective in reinstating the levels of these 

indispensable molecular mediators of ischemia, restoration of the levels of these molecules 

were achieved by administration of the highest dose (1mg/kg) of PRL.  

Brain infarction is the hallmark of ischemic reperfusion injury and neuroprotection strategies 

aim at reducing the infarct volume [2]. This study revealed that though all three doses of PRL 

significantly reduce infarction volume in brain (p < 0.001) in comparison to infarct volumes 

observed in vehicle groups, Treated-A group had most successful effect on cerebral infarction 

reduction. Another characteristic of cerebral ischemia is increased brain water content [2] 

resulting due to BBB damage [37]. Compared to the vehicle group animals, where an increased 

brain edema by 23.8% was observed (compared to sham group), cerebral edema was 

significantly reduced in Treated-A and Treated-B group of animals (p < 0.001), but Treated-C 

group did not show any significant restoration. Decrease in cerebral infarct volume and 

cerebral edema by PRL treatment highlights the ability of PRL in ameliorating the ischemic 

damage incurred by brain tissues. Also, it was observed that number of apoptotic and necrotic 
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cells were markedly reduced in the Treated-A group, confirming the neuroprotective potential 

of this dose.  

7.5. CONCLUSION 

The present study was aimed at evaluating the therapeutic ability of PRL in cerebral IR injury. 

The results obtained strongly suggest that administration of PRL not only successfully restored 

the physiological and biochemical parameters, it also lowered the increased neurotransmitter 

levels which is a prominent outcome of ischemic insult. Also, PRL treatment significantly 

reduced tissue damage occurring due to IR injury, by lowering cerebral infarction and cerebral 

edema in rodent model. Though lower doses were unable to combat every aspect of global 

cerebral ischemia, the highest dose of PRL (1mg/Kg) significantly ameliorated the ischemic 

condition observed in brain. The study henceforth suggests that PRL might be a probable 

molecule which could be developed into future neurotherapeutics. 
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