
overall cell number [5]. However, the loss of particular subsets of neurons has 
been reported. In particular, there appears to be a decrease in a subset of inhibi-
tory local circuit neurons (interneurons) in the PFC that use gamma-aminobu-
tyric acid (GABA) as a neurotransmitter [1]. PFC interneurons can be defined 
by expression of one of three different calcium-binding proteins: calretinin, 
calbindin, and parvalbumin (PV). The PV interneurons receive a dopamine 
input, in contrast to other interneurons. We hypothesized that dopamine de-
nervation of the PFC would result in a decrease in the number of PV-containing 
interneurons. The results could help contribute to our current understanding of 
schizophrenia.

MATERIALS AND METHODS. 

Animals/Tissue preparation.

12 Sprague-Dawley adult male rats (Harlan, Indianapolis, IN) were given food 
and water ad libitum. 25 mg/kg of desipramine, a norepinephrine reuptake in-
hibitor, was administered prior to 6-OHDA (neurotoxin that targets dopami-
nergic neurons injection. Six rats underwent 6-hydroxydopamine (6-OHDA) 
lesion destruction of the dopamine neurons in the VTA. The rate of 6-OHDA 
injection into the VTA was 0.15 μl/min and the overall volume of the neuro-
toxin injected was 0.75μl. Perfusion using 0.1 M phosphate buffered-saline 
followed by 4% paraformaldehyde of prefrontal and midbrain segments was 
performed. Frozen sections through the PFC and midbrain were cut at 42 μm. 
6-OHDA and perfusion was performed by project advisors.

Immunohistochemistry.

Midbrain sections of the six lesioned animals and the prefrontal sections of 
both control and lesioned animals were stained immunohistochemically to 
identify tyrosine hydroxylase (TH) in the VTA using an immunoperoxidase 
method and to identify parvalbumin interneurons within the PFC, respectively. 
One subject had to be eliminated from analysis due to a unilateral lesion. 

Stereological analysis.

Stereological analysis, an unbiased method of determining the number of cells 
in an area, was performed using Stereo Investigator (MBF Bioscience, Williston, 
VT).

Immunoblotting.

Tissue for immunoblotting was used from a different set of animals that were 
deeply anesthetized with isofluorane, and then the PFCs (and other areas) were 
dissected from the brain. Prefrontal cortical samples were stored at -80ºC un-
til subsequent analysis. The immunoblot was made using a method previously 
stated [8], with the exception of different antibodies. Multiple film x-ray expo-
sures were obtained. Films were digitally scanned and the optical density of the 
bands was determined by ImageJ. 

RESULTS.

6-hydroxydopamine lesioning of the VTA.

6-hydroxydopamine (6-OHDA) is a neurotoxin that kills dopomanergic neu-
rons. 6-OHDA lesions of the VTA resulted in a marked decrease in the number 
of dopamine neurons in the VTA. Separate groups of animals exhibited an over-
all 70% decrease in the dopamine concentration in the PFC [6]. An example of 
the physical result of 6-OHDA lesioning can be seen in Figure 1.

ABSTRACT. Schizophrenia is a psychological disorder characterized 
by disturbances in thought, cognitive deficits and social withdrawal. 
Cognitive deficits of schizophrenia are thought to reflect physiological 
changes in the prefrontal cortex, a brain region known for focusing and 
planning. Post-mortem studies of schizophrenic patients show a decreased 
number of a specific subset of parvalbumin containing GABAergic inter-
neurons has been reported. Parvalbumin is a calcium-binding protein, 
and GABA (gamma-aminobutyric acid) is a neurotransmitter that these 
interneurons use. Knowing that PFC PV interneurons receive a dopamine 
input, we hypothesize that a decreased dopamine input to the PFC would 
result in a decreased amount of PV interneurons. Immunohistochemistry 
was used to reveal PV interneurons. The number of PV interneurons in the 
PFC was determined using stereological methods. Immunoblotting was 
used to determine PV levels in the PFC of rats. A trend towards a decrease 
in PV interneurons in response to dopamine depletion was found. Finding 
a definite decrease in the number of PV interneurons in response to dopa-
mine depletion brings promise to the advent of improved antipsychotic 
medications.

INTRODUCTION.

Schizophrenia is a disorder characterized by disturbances in thought, cogni-
tive deficits, and social withdrawal [1]. The symptoms of schizophrenia can 
be divided into three categories: positive, negative and cognitive [2]. Positive 
symptomatology includes hallucinations, delusions, and thought disorders 
such as disorganized thinking or thought blocking [2]. Negative symptoms 
include reduced emotional expression and interaction with others and moti-
vational problems [2]. Cognitive symptoms include impaired ability to plan, 
trouble with focusing or paying attention, and problems with working memory 
[2]. Current treatments include typical and atypical antipsychotic medications 
(APDs) and psychotherapy. The main type of treatment is the use of APDs. 
APDs do not effectively treat the negative and cognitive symptoms of schizo-
phrenia [3]. Without medications that alleviate these symptoms, schizophrenic 
patients have greater difficulty of living independent and productive lives. Due 
to over 2 million people in the United States alone being diagnosed with schizo-
phrenia and it still being the seventh most costly medical illness, investing time 
in better understanding the neuronal pathology of schizophrenia is of national 
importance.

Dopamine is a catecholamine neurotransmitter that participates in the regula-
tion of motor functions and of cognitive processes such as learning and memory 
[4]. Dopaminergic neurons (neurons whose primary neurotransmitter is dopa-
mine) are produced in several areas of the brain including the substantia nigra 
pars compacta and the ventral tegmental area (VTA) of the midbrain. Various 
studies have shown that dopamine has a major role in regulating the excitability 
of prefrontal cortical neurons upon which working memory depends [5]. In 
fact, 6-hydroxydopamine lesions of the VTA were performed in an experiment 
to denervate the prefrontal cortex[6].

Evidence suggests that the prefrontal cortex (PFC) is responsible for complex 
cognitive behaviors due to theta and gamma oscillations being induced in the 
prefrontal cortex during cognitive tasks [7]. Postmortem studies of schizo-
phrenic patients have found that the PFC is thinner but with no decrease in 
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receptor antagonist known to create behavioral deficits in adulthood that pro-
duce similar behavioral impairments observed in schizophrenic patients.) was 
administered to adult rats [1]. While these papers gave valuable insight into 
PV’s role in cognition and potential ways to compensate for the marked de-
creases in PV, the present study is more applicable to as better understanding 
how to make/enhance current antipsychotic medication more efficient due to 
the majority of them targeting D2 dopamine receptors.
There has been debate within the field of whether glutamate or dopamine has 
the heaviest influence on the symptomatology of schizophrenia [3]. This study 
strengthens the dopamine hypothesis of schizophrenia.
A larger animal set is needed to show a definitive decrease in PV interneurons 
within the PFC as a result of dopamine depletion. Only the prelimbic (PrL) 
area was analyzed in this study, and to get a more elaborate view of the PFC 
the infralimbic area would need to be looked at as well. Morphology of PV 
interneurons is also vital to understanding PV’s role in neuronal pathology of 
schizophrenia. Soma (cell body) size, axonal length, and deep/superficial layer 
analysis could elucidate the health of the cell, its capability to transmit signals 
and the distribution of PV in the PFC, respectively.
Having definitive proof that dopamine depletion influences parvalbumin in-
terneuron reduction in the prefrontal cortex could be the catalyst towards im-
proved antipsychotic medications. Also PV’s role in cognition still needs to be 
found. Indeed, there is evidence of parvalbumin being found within and hav-
ing influence on motor systems [9] but investigating PV’s specific molecular 
pathway in relation to cognition under the umbrella of dopaminergic influence 
would help the field of neuroscience to better understand the pathophysiology 
of schizophrenia.
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Figure S2. Total protein on ponceau-stained membrane prior to administra-
tion of antibodies
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Figure 1. Tyrosine hydroxylase-stained dopamine neurons in the VTA in the con-
trol condition are displayed in the left panel with marked loss of dopamine neurons 
in the lesioned rat in the right panel.

Stereological Analysis.

Although the lesioned animals did not show a significant decrease in the num-
ber of parvalbumin (PV) interneurons, a trend towards a decrease in PFC PV 
interneurons was observed (p=0.2584) (Figure 2).

Figure 2. Stereology, an unbiased 
counting method, was used to 
count the number of PV interneu-
rons within the prelimbic cortex 
(outlined in orange in Figure 4 
of the supplemental material), a 
homologous structure to the pre-
frontal cortex.

Immunoblotting.

Parvalbumin protein levels in the PFC did not significantly different between 
the control and lesioned groups (see Figure 3).

DISCUSSION.

We did not observe a statistically significant decrease in the number of PV-
containing interneurons in response to PFC dopamine depletion. However, we 
did see a trend toward a decrease in PV interneurons in the PFC. A reason for 
these results may lie in the unknown compensatory mechanisms for PV due to 
dopamine depletion. While a decrease in PV-containing interneurons may oc-
cur due to dopamine depletion, the amount of PV per cell in the decreased pop-
ulation of PV interneurons may balance to that of the control group (no marked 
decrease in PV interneurons) and therefore not show a marked decrease in the 
level of PV on the immunoblot. By verifying this trend of a decrease in PV cells, 
this could possibly elaborate the model of schizophrenia. This also implies that 
the loss of PV cells contribute to the cognitive deficits of schizophrenia. PV ap-
pears to be the next focus of antipsychotic medications. 

Figure 3. Figure 3 shows a graph 
of the immunoblotting results. 
The optical density of the x-ray 
exposed was divided by the opti-
cal density of the ponceau-stained 
membrane to create a relative 
level of protein for the controlled 
and lesioned group (Figure 5 of 
the supplemental material section 
shows ponceau stained membrane 
below the x-ray exposed film of 
parvalbumin protein).

Methylazoxymethanol acetate (MAM) is a chemical known to cause a decrease 
in parvalbumin-containing interneurons. Rats that are treated with MAM dis-
play a loss of parvalbumin interneurons along with decreased oscillatory activ-
ity [7]. Similar results have occurred when phencyclidine (PCP is a NMDA 


